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Abstract
Organic photovoltaics have become a promising alternative to today's silicon-based technolo-
gies with the potential of providing low-cost, large-area solar cells. However, organic solar cells
still suer from signicantly lower eciencies than their silicon-based counterparts, and the un-
derstanding of their performance limiting factors is hampered by the convoluted morphologies
of organic photoactive layers. In this context, this study seeks to establish a multiscale mod-
elling framework to elucidate the structure-property relationships in organic bulk heterojunction
(BHJ) solar cells.
For this purpose, we have rst generalized the existing device models for organic bilayer and
BHJ solar cells by reformulating the interfacial boundary conditions for charge carrier separation
and recombination at the donor/acceptor interface. This generalized model could be reduced
to either a bilayer or a BHJ model depending on the nature of the interface. The validity of
this model has been assessed by calibrating and validating model predictions with experimental
current-voltage measurements. In addition, we have utilized the model to investigate the mor-
phology and loss mechanisms in the recently invented pseudo-bilayer solar cells.
We employ a two-level modelling approach to investigate the structure-property relations in
organic BHJ solar cells: First, we develop a three-dimensional (3D), two-phase device model
that resolves the morphological details of representative photoactive layer morphologies; then,
we volume-average the local structural details of the photoactive layer to derive a 1D, spatially-
smoothed model that reveals the eects of inherent morphological characteristics on photovoltaic
properties the solar cell in the form of mathematical relations. The spatially-smoothed model is
consistent with the existing eective-medium models, but it captures two essential morphological
characteristics not found in existing models: the specic interfacial area and the donor/acceptor
volume fractions. In addition, we derive an analytical model for exciton transport that relates
morphological characteristics explicitly with the charge carrier generation rate. This exciton
transport model can be directly incorporated into the spatially-smoothed model, allowing it to
capture the eects of morphology and exciton transport on the performance of organic BHJ
solar cells.
ii
With the spatially-smoothed device model derived and validated, we utilize it to investigate
the optimum morphology of the recently demonstrated pillar-structured donor/acceptor organic
solar cells. We illustrate that the eective transport and recombination properties of the pillar-
type morphology are explicit functions of the specic interfacial area and the donor/acceptor
volume fractions. The cross-sectional shape of the pillars, on the other hand, has no major inu-
ence on the performance of this type of solar cells. Based on these closed-form structure-property
relations, we establish a fast computational framework to determine the optimal pillar-type mor-
phologies.
We further apply the spatially-smoothed device to study the eect of morphology on the open-
circuit voltage of organic solar cells. By solving the spatially-smoothed model analytically at
open-circuit, we are able to derive a closed-form relation between the open-circuit voltage and
the underlying donor/acceptor morphology. We nd that the inuence of morphology on the
open-circuit voltage is attributed to a single morphological parameter: the ratio between the
donor volume fraction and the specic interfacial area. Our ndings are veried against detailed
two-phase models with a range of randomly generated donor/acceptor morphologies.
Finally, we highlight how the present work can be extended towards a hierarchical multiscale
modelling framework to derive morphology-property relations in realistic, disordered BHJ mor-
phologies.
Keywords: organic solar cells; bulk-heterojunction; morphology; charge carrier transport; re-
combination; exciton; mathematical modeling; volume-averaging
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Preface
This thesis presents topics on the mathematical modeling of organic solar cells with a focus on
relating the solar cell performance with the microscopic morphology of the photoactive layer.
Chapter 1 introduces the background, motivation, and objectives of this work. In Chapter 2,
the mathematical formulations for the existing bilayer and bulk-heterojunction (BHJ) device
models are summarized and generalized in the form of a pseudo-bilayer device model. This gen-
eralized model could be reduced to either a bilayer or a BHJ model depending on the nature of
the donor/acceptor interface. In addition, the implementation procedures for three-dimensional
device models with disordered donor/acceptor morphologies are outlined. In Chapter 3, the
pseudo-bilayer device model is utilized to study the morphology and loss mechanisms in the
recently discovered pseudo-bilayer organic solar cell which contains partially intermixed pho-
toactive layer. Chapter 4-5 present the derivation and verication of the spatially-smoothed
device model, which represent a key contribution of this thesis. In particular, Chapter 4 demon-
strates the development of spatially-smoothed forms of the Poisson and charge carrier continuity
equations based on volume-averaging the local charge carrier generation, transport and recom-
bination properties. The spatially-smoothed models not only features the simplicity of existing
eective-medium models, but also captures the eects of inherent morphological characteris-
tics on the photovoltaic properties the solar cell. In Chapter 5, the spatially-smoothed model
is further extended to include the eect of exciton transport and morphology on the interfa-
cial charge carrier generation rate. With the spatially-smoothed model secured, Chapter 6-7
illustrate two applications of this new modeling framework in elucidating structure-property
relationships. In Chapter 6, the spatially-smoothed model is utilized to study the recently
demonstrated pillar-structured donor/acceptor organic solar cells. Closed-form expressions are
derived for the eective charge carrier transport and recombination properties of this type of
device, and the optimum characteristics of the pillar-type structures are derived. In Chapter
7, the spatially-smoothed model is solved analytically at open-circuit to derive an analytical
expression of the open-circuit voltage of organic BHJ solar cells as a function of the underlying
morphology. A single morphological parameter is identied to govern the open-circuit voltage
at leading order. The analytical results in Chapter 6-7 are veried with detailed two-phase
device modeling with randomly generated donor/acceptor morphologies. Finally, Chapter 8
summarizes the main ndings of this thesis, and discusses possible extensions of the current
work.
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Chapter 1
Introduction
1.1 Organic solar cells
Solar photovoltaic (PV) - the direct conversion of sunlight into electricity - is becoming a reliable
source of clean, safe and inexhaustible renewable energy. Since 2000, the compounded annual
growth rate of global PV production has been around 55%, which makes solar PV the fastest
growing renewable energy technology in the past decade [1]. As of 2013, more than 80% of the
total installed PV capacity ( 102 GW) is based on monocrystalline silicon (c-Si) solar cells [2],
which are able to provide around 20% photo-conversion eciency and guaranteed energy output
for at least 25 years. Besides the mature and predominant c-Si technology, many emerging PV
technologies have seen a signicant development over the past decade, especially in terms of
their photo-conversion eciencies (see Figure 1.1). In particular, the eciency of solar cells
based on semiconducting organic molecules and polymers have more than tripled since 2003,
reaching  11% in 2013 [3].
Organic photovoltaic has become a promising alternative to the wafer-based technology with
the potential of providing low-cost, large-area, and exible solar cells [4, 5, 6]. Due to the high
optical absorption coecient of organic semiconductors, an organic photoactive layer as thin
as 100   200 nm is enough to harvest most of the photons within the absorption spectrum.
Therefore, organic solar cells can be thin and mechanically exible, allowing for attractive po-
tentials in mobile applications. The solution-processability of semiconducting polymers further
allows polymer solar cells to be fabricated through a low-temperature and high-throughput
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Figure 1.1: Research-cell eciencies of emerging PV technologies over the past decade. The
data is extracted from Ref. 4
roll-to{roll printing process [7, 8, 9]. In addition, the synthetic variability of organic materials
provides ample opportunities to continue enhancing and optimizing the optoelectronic proper-
ties of organic solar cells, as well as to reduce the cost of active materials. Despite of these
advantages, organic solar cells still exhibit much lower photo-conversion eciencies as compared
to their wafer-based counterpart, primarily due to the low charge carrier mobility, the strong
exciton binding energy, and the relatively narrow absorption spectrum of most organic semicon-
ductors [5]. Stability issues of organic solar cells, arising partly from the photo-degradation of
active materials [10, 11, 12, 13], further hamper their commercialization. In order to further en-
hance the performance and stability of organic solar cells, further research and development are
needed in the theoretical understanding of device physics, the design and synthesis of new ma-
terials, the development of new device architectures, as well as the characterization and control
of the device morphology [14].
The rst generation of organic solar cells have a homojunction structure, in which a single
layer of organic semiconductor is swandwiched between two metal electrodes of dierent work
functions [15, 16]. This type of solar cells usually have eciencies less than 0.1%, because the
electric eld generated by the asymmetrical work functions of the electrodes is insucient to
drive the separation of charge carriers, which are bound in the form of excitons in organic
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Figure 1.2: Schematic of a typical organic solar cell.
semiconductors. A major milestone in the development of organic photovoltaic devices is the
concept of bilayer heterojunction solar cells introduced by Tang et al. in 1986 [17]. The idea
behind this concept is to form an interface between two organic materials with dierent ionization
potentials, so that excitons close to the interface can dissociate eciently into free charge carriers.
In Tang's bilayer heterojunction cell, however, a large portion of excitons are recombined before
they could reach the heterojunction [18,19], therefore limiting the solar cell eciency to around
1%. This loss mechanism, frequently referred to as the "excitonic bottleneck", was overcome
in the mid 1990s with the introduction of the bulk heterojunction (BHJ) architecture, in which
the two active organic materials are intimately mixed on the nanometer scale to form dispersed
interfaces throughout the photoactive layer [20, 21]. These dispersed interfaces ensure excitons
can be split before recombination occurs. The most ecient large-molecule organic solar cells
to date, whose eciencies have exceeded 10% [3], are based on the BHJ architecture.
The device schematics of a typical organic solar cell is shown in Figure 1.2. The photoactive
layer is sandwiched between a layer of low work function metal as negative electrode and a layer
of transparent conducting oxide (TCO) as positive electrode. Usually selective transport layers
are applied to enhance contact formation between active layer and the electrode. These func-
tional layers only amount to a few hundred nanometers of thickness, while the total thickness
of the solar cell is mainly due to the substrate that is around 1 mm thick. Besides this conven-
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tional device structure, novel architectures such as the inverted cell that swaps the electron and
hole contacts for improved device stability [22, 23, 24], and the tandem cell that stacks two or
more photoactive layers with complementary absorption spectrums [25,26], have been in active
development with promising potentials.
1.2 Device physics
1.2.1 Photoexcitaton and exciton transport
The process of optical-to-electrical energy conversion in organic solar cells begins with the ab-
sorption of photons in the photoactive layer. Most of the photons are absorbed by the donor,
whose photovoltaic property is attributed to the delocalized -electrons along its conjugated
backbone. The mutual overlap of -orbitals allows for both lled -bands, which is referred
to as the Highest Unoccupied Molecular Orbital (HOMO), and the empty -bands, called the
Lowest occupied Molecular Orbital (LUMO). The energy dierence between the HOMO and
LUMO levels could range from 1 to 4eV [27] for typical conjugated molecules. For example, the
most studied donor material, P3HT (poly(3-hexylthiophene)), typically has HOMO and LUMO
levels of  3 eV and  5 eV respecitively, giving rise to a relatively large HOMO/LUMO gap of 2
eV (see Figure 1.3) [28]. Since the absoption of a photon promotes an electron from the HOMO
to the LUMO, typically only photons with energies larger than the HOMO/LUMO gap maybe
absorbed in the photoactive layer. For the case of P3HT, only photons with wavelengths below
~600 nm may be absorbed. Tailoring donor molecules towards smaller optical bandgaps is there-
fore an eective route to enhance the PCE of organic solar cells, as it allows absorption into the
near-infrared portion of the solar spectrum. Some examples of low-bandgap polymers include
PCPDTBT synthesized by Brabec et al [29] with a bandgap of ~1:5 eV; PDPP3T reported by
Janssen et al [30] with a low bandgap of ~1:3 eV; the 1:6 eV bandgap polymers PTB7 [31] and
PBDT-TT-CF [32]; and the more recent 1.38 eV bandgap polymer PDTP-DFBT, with which a
photo-conversion eciency as high as 8% has been reported [14].
The absorption of a photon leads to the formation of a bound electron-hole pair called an
exciton. Excitons do not spontaneously dissociate because their binding energy, which roughly
equals to the LUMO/HOMO gap of donor, is much larger than the phonon energy at room tem-
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Figure 1.3: Molecular structures and band diagrams for the donor material P3HT and the
acceptor material PC60BM.
perature (~ 25 meV). In order for excitons to dissociate, they must rst move to donor/acceptor
(D/A) interfaces through exciton transport. Exciton transport is usually described in terms of
diusion, but it could also be due to long range energy transfer, e.g. Forster resonant energy
transfer [33, 34]. In either case, their transport distance is limited to around 10 nm, since ex-
citons have a short lifetime on the order of picosecond before they decay to the ground state
through radiative recombination [35]. Exciton decay before reaching D/A interfaces is an im-
portant loss mechanism in organic solar cells that is only overcome by the invention of the
bulk-heterojunction architecture.
1.2.2 Charge carrier separation
Exciton dissociation occurs at the heterojunction formed by a donor and an acceptor. If the
interface bandgap (also the electrical bandgap for a D/A blend), formed by the LUMO of
acceptor and the HOMO of donor (see Figure 1.3), is smaller than the exciton binding energy,
exciton dissociation is energetically favorable. While a suitable band oset between the LUMO
of donor and acceptor is neccessary for exciton dissociation, it also represents an energy loss
manifested as a reduction in the open-circuit voltage [36]. Hence, up-shifting the acceptor
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LUMO represents a primary target in designing better performing acceptor materials. The most
common acceptor materials are fullerene derivatives such as PC61BM ([6,6]-phenyl-C61-butyric
acid methyl ester) and PC71BM whose LUMO levels are around  3:9 eV [37]. An alternative
acceptor material ICBA (indene-C60 bisadduct) was recently introduced with a higher LUMO
of   3:7 eV [38]. Solar cells made with ICBA and P3HT are reported to exhibit a high
open-circuit voltage of 0:84 V, as compared to 0:6 V commonly observed for PCBM:P3HT solar
cells.
The dissociation of an exciton results in a loosely bound interfacial electron-hole (e/h) pair
with the electron in acceptor and the hole in donor [39]. The interfacial e/h pair is frequently
referred to as the charge-transfer state. Charge carriers in the charge-transfer state could sep-
arate further into free electrons and holes, but the mechanism of this separation process is not
yet well understood. The most popular theory on the charge-transfer state separation is based
on the Braun-Onsager model [40,41,42], which describes the process as a eld-assisted ion pair
dissociation in media of low dielectric constant. An alternative theory is the thermal ionization
of charge-transfer state assisted by the excess kinetic energy from the separating electron and
hole [43]. In either case, the separation of charge-transfer state is in direct competition with
geminate recombination, a loss mechanism through which the bound charge pair recombine to
the ground state.
1.2.3 Charge carrier transport
After charge carrier separation, the free holes and electrons need to travel across the photoactive
layer via continuous pathways in the donor and acceptor phases before it can be collected at the
electrode contacts. Charge carrier transport in organic semiconductors can be described with a
combination of the `band-like' transport characterized by drift and diusion of charge carriers in
the region of higher density of states, and the 'hopping' of carriers through localized band tails
and deep traps [44, 45]. Drift transport of charge carriers is driven by the internal electric eld
that arises from the work function dierence of electrodes as well as the applied bias. Diusion
transport, on the other hand, is due to concentration gradients of charge carriers. At low forward
bias, the internal electric eld is large and charge carrier transport is dominated by drift. As
the forward bias increases, the internal electric eld reduces whereas diusion of charge carriers
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becomes more important and eventually cancels out the drift current at the open-circuit voltage.
Both the drift and the diusion currents in organic solar cells are proportional to the charge
carrier mobility, which are in turn dependent on temperature, electric eld [46,47], charge carrier
concentrations [48, 49], as well as structural factors such as crystallinity and regioregularity
[50,51,52,53]. Furthermore, charge carrier mobility is usually dierent in donor/acceptor blends
as compared to in pristine donor and acceptor lms [54], possibly because the blend morphology
contains more convoluted percolation pathways and structural disorders. In most organic solar
cells, electron and hole mobilites in the photoactive layer are on the order of 10 7   10 8
m2V 1s 1, which are much smaller than the typical values of 10 2 m2V 1s 1 in silicon solar cells.
The low mobilities and therefore slow transport of charge carriers leave extensive opportunities
for bimolecular recombination to occur at D/A interfaces. Furthermore, a mobility dierence of
an order of magnitude or more between electrons and holes leads to the performance-limiting
behavior of space charge limited current (SCLC) [55,56,39]. SCLC is caused by the accumulation
of the low-mobility carriers in the photoactive layer, which weakens the internal electric eld
and limits the further extraction of charge carriers. A balanced transport between electrons and
holes is therefore desirable for better solar cell performance [57].
1.2.4 Recombination
Recombination between photo-generated charge carriers is an important loss mechanism in the
operation of organic solar cells. The two major recombination mechanisms are the geminate
recombination and the direct bimolecular recombination. Geminate recombination is a rst-
order process (e.g. proportional to the concentration) that occurs between the bound electron
and hole in the charge-transfer state; therefore it prevents the production of free electrons and
holes. The rate of geminate recombination can be suppressed by strong internal electric eld
and polarization eects, and the recombination time scale is typically order of nanosecond to
hundreds of nanoseconds [58]. Recent transient photoconductivity measurements suggest that
geminate recombination in P3HT:PCBM cells only contributes to a maximum of ~10-15% of the
overall charge carrier loss [59], though it was also estimated that the geminate recombination
loss could be as much as 40% in PPV:PCBM solar cells [60].
Bimolecular recombination is a second-order process (e.g. proportional to the square of con-
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Figure 1.4: Photovoltaic processes in an organic solar cell. (a) Exciton generation in the donor
due to the absorption of a photon with energy larger than the bandgap of donor. (b) Diusion of
the exciton towards the D/A interface (solid arrow). The exciton may decay to the ground state
during diusion (dashed arrow), or may reach the interface and turn into interfacial e/h pairs.
(c) Dissociation (solid arrow) and germinate recombination (dashed arrow) of interfacial e/h
pairs at the D/A interface. (d) Transport (solid arrow) and bimolecular recombination (dashed
arrow) of free charge carriers.
centration) that occurs between a free electron and a free hole at D/A interfaces. Bimolecular
recombination rate increases with the applied forward bias as a result of the slower charge car-
rier extraction and the higher charge carrier concentrations at larger bias. This behavior makes
bimolecular recombination a primary cause for the reduction in the ll factor in organic solar
cells [61]. The rate of bimolecular recombination is classically described with the Langevin rate
constant which is proportional to the charge carrier mobility. However, many recent experimen-
tal measurements, for example based on the double injection current transient [62], the transient
absorption spectroscopy [63], the charge carriers extraction with linearly increasing voltage [64],
as well as intensity-based measurements [65], all indicate that bimolecular recombination rate
in organic solar cells is greatly reduced with respect to the Langevin rate. The cause of this
reduction in bimolecular recombination rate is an ongoing discussion, and theories such as the
two-dimensional Langevin recombination [66] and the trimolecular recombination [67] have been
proposed. In Chapter 4 of this thesis, we propose an intuitive explanation to account for such a
reduction based on the notion of limited interfacial area available for bimolecular recombination
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within the photoactive layer.
Recombination could also occur through tail states and deep localized states in the form of
trap-assisted recombination [68,69]. Trap-assisted recombination is a rst-order process where a
free charge carrier recombines with a trapped carrier of the opposite charge. It has been recently
proposed that P3HT:PCBM solar cells comprise an additional trap-assisted recombination chan-
nel [70], and trap-assisted mechanism in the form of Shockley-Read-Hall recombination could
be the dominant recombination mechanism in PCDTBT:PCBM solar cells [68]. Trap-assisted
recombination is particularly important for degraded and aged organic solar cells [71,72,73] due
to increased number of deep localized states that act as recombination centers.
1.2.5 Summary of the device operation
The absorption of a photon which has sucient energy to promote an electron from the HOMO
to the LUMO of donor creates a bouded e/h pair in the form of an exciton. Excitons move via
diusion in the donor with a typical diusion length of around 10 nm. If an exciton reaches a
D/A interface before decaying to the ground state, exciton dissociation occurs with a quantum
eciency close to unity, forming an interfacial e/h pair that extends across the heterojunction.
The interfacial e/h pair may either be lost through geminate recombination, or be separated
further by electric eld and thermal energy to become free electrons and holes. The free electrons
and holes then need to travel through the acceptor and donor materials respectively before
being collected at the electrodes. Due to the low mobility of charge carriers in organic solar
cells, bimolecular recombination between free electrons and holes may take place extensively
at D/A interfaces. These major steps in the energy conversion process and the associated loss
mechanisms are illustrated in Figure 1.4.
1.3 photoactive layer morphology
1.3.1 The bulk-heterojunction morphology
Due to the short diusion length of excitons in organic semiconductors, most organic solar cells
adopt the BHJ morphology for their photoactive layers to ensure ecient exciton dissociation
at D/A interfaces. Bulk-heterojunctions can be produced by spin-casting a mixture of donor
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Figure 1.5: Schematics of the organic bulk-heterojunction morphology and the associated pho-
tovoltaic processes at dierent length scales. Excitons generated from light absorption travel
within the donor material with characteristic length scale w. The interfacial e/h pairs typically
extend a distance h across the interface, and may separate further into free charge carriers.
The free holes and electrons are transported through the donor and acceptor phases over the
photoactive layer length scale L to be collected at electrodes.
and acceptor materials together with a suitable solvent on a substrate. Initially, the donor and
acceptor phases are intimately intermixed since the solvent molecules dilute polymer/polymer
interactions. As the solvent evaporates, however, interactions between polymer chains increase,
eectively driving the donor phase to separate from the acceptor phase. As a result, an inter-
penetrating network of donor and acceptor materials with domain sizes on the order of 10 nm
is formed. The formation of organic BHJs is sometimes described as a spinodal decomposition
process driven by the free energy of mixing [74]. Since the length scale for the phase separation
is comparable to the exciton diusion length, most excitons are able to meet with D/A inter-
faces before they decay. The blending between donor and acceptor materials also gives rise to
structural disorders at dierent length scales. A schematic of the BHJ morphology is presented
in Figure 1.5. The illustrated morphology is an idealization of the real-world BHJ morphologies,
which could contain impure domains, diuse interfaces and broad distributions of domain sizes.
The photovoltaic processes in the organic solar cells are aected, to a large degree, by
the multiscale morphological characteristics of the D/A blend. For example, the generation
and transport of excitons are dependant on the domain size of the donor material typically
on the order of 10 nm [75, 76, 77, 78]. The interfacial area contained within the photoactive
layer determines the total generation and recombination rates of free charge carriers, since these
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processes only take place at D/A interfaces. Further, since interfacial e/h pairs usually extend a
few nanometers across D/A interfaces, charge carrier separation is likely to be inuenced by the
molecular-level interfacial structural details on the order of 1 nm [79]. Charge carrier transport
is not only aected by the lengths of percolation pathways, but also the orientations of these
pathways relative to the driving force of transport. The characteristic length scale for charge
carrier transport is on the order of 100 nm, which also corresponds to the typical thickness of a
photoactive layer. Other morphological features, such as isolated donor and acceptor regions that
act as recombination centers, may also closely aect the performance of organic solar cells [80].
1.3.2 Morphology control and characterization
Due to the signicant inuence of D/A morphology on the solar cell operation, morphology
engineering is an eective route to improving the performance of organic solar cells. The solu-
tion processing of D/A blends, however, allows for limited control over the resulting nanoscale
morphology. The the domain size and connectivity of the donor and acceptor phases were
shown to be dependant on the composition between donor and acceptor [81]. Thermal anneal-
ing after spin-coating or electrode-deposition is another important method to inuence the D/A
morphology [82, 83, 84, 85]. The thermal treatment forces polymer chains to reorganize and to
crystallize, which lead to wider absorption spectrum and higher charge carrier mobilities in the
D/A blend [76]. The optimal annealing conditions (e.g. duration, temperature) generally need
to be ne-tuned for dierent donor and acceptor materials. The selection of solvent also strongly
aect the morphology and performance organic solar cells: morphologies formed with chloroben-
zene as solvent exhibit much smaller domain sizes and domain size distributions as compared to
those produced with toluene as solvent for MDMO-PPV:PCBM cells [86,87,88]. In addition to
the choice of solvent, the evaporation rate of solvent during spin-casting was also found to aect
the D/A morphology [89]. Recently, it was discovered that by using a pair solvents to dissolve
donor and acceptor selectively, partially intermixed D/A layers with better charge carrier trans-
port properties can be achieved [90]. The characteristics of this type of 'pseudo-bilayer' devices
will be investigated with the help of device modeling in chapter 3 of this thesis.
Tuning the solution-processing parameters only allows for rudimentary control over the D/A
morphology. Recently, novel routes towards more precise morphology control have been devel-
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oped. For example, the applications of processing additives [91, 92], phase-directing agents [93]
and the controlled acceptor-doping technique [94] were shown to improve the connectivity of
polymer/fullerene network, leading to better charge transport properties and enhanced internal
quantum eciencies. The application of nanoimprint lithography [95,96] and template-assisted
synthesis [97, 98] further allows for interpenetrating donor and acceptor structures with regu-
lar domain sizes and relatively ordered, straight percolation pathways. The structure-property
relations of these special `pillar-structured' donor/acceptor solar cells shall be investigated nu-
merically in chapter 6 of the thesis.
Accurate quantication of the nanoscale D/A morphology also represents a signicant chal-
lenge, as no single method is sucient to fully characterize the morphology of D/A blends. Two-
dimensional microscopic techniques, such as atomic force microscopy (AFM) [87] and transmis-
sion electron microscopy (TEM) provide surface topography information and a rough measure of
the size and crystallinity of donor and acceptor phases, but also tend to suer from low contrast
between the phases [74]. The energy-ltered TEM technique oers improved chemical con-
trast, and has been utilized to obtain relatively clear microscopic images of P3HT:PCBM lms.
Recently, three-dimensional reconstruction of D/A morphologies through the electron tomog-
raphy technique has been successfully demonstrated for MEH-PPV:PCBM and P3HT:PCBM
systems [77, 99]. This method has also been employed to obtain 3D structures of P3HT:ZnO
hybrid organic solar cells, based on which a numerical model on the exciton transport in this
type of devices is developed [100]. The process of electron tomography can be time-consuming,
however, as it involves many projections taken at dierent angles and complicated reconstruc-
tions. Besides these microscopic methods, various spectroscopy measurements and scattering
techniques are also important to characterize the molecular level structural ordering, surface
composition, and interface structure of D/A blends; a review of these techniques applied in
characterizing organic solar cells can be found in [74,101].
1.4 Device models for organic solar cells
The interplay between physics and morphology hampers the interpretation of experimental nd-
ings and the understanding of the inherent photovoltaic processes { especially since it is dicult
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to achieve precise control, as well as accurate quantication, of the active layer morphology
experimentally. In this context, mathematical modeling and simulations can aid in elucidating
the process-structure-property relationships in OPV devices. Mathematical models have been
widely applied in studying serveral key aspects of OPV physics and operations. For example,
optical models are developed to describe the transmission and absorption of light in the multiple
layers of organic solar cells [102,103]; molecular dynamics simulations [104,105,106] and phase-
eld models [107, 108, 109] are employed to simulate the morphology evolution process in D/A
blends; dynamic Monte Carlo simulations [110, 111] and ab initio simulations [112] are utilized
to investigate charge carrier transport properties in disordered organic semiconductors.
In this thesis, we focus on the device-level models that capture the essential opto-electrical
processes in the photoactive layer, such as charge carrier generation, separation, transport,
and recombination. A majority of these device models are based on a continuum approach that
describes charge carrier transport as drift and diusion of electrons and holes. The drift-diusion
models have been developed based either on a two-phase or an eective-medium approach. The
former captures the D/A morphology in the form of well dened donor- and acceptor-regions
with sharp interfaces in-between, whereas the latter generally considers the D/A blend as one
eective, homogeneous layer without resolving its internal structures. A brief review of these
two types of device models are given below.
1.4.1 Eective-medium models
The eective-medium device models for organic BHJ solar cells were rst developed, indepen-
dently, by Koster et al [113], and Lacic and Inganas [114]. In Koster's model, the D/A blend
was modelled as a homogenous semiconductor with eective charge carrier generation, transport,
and recombination properties. The governing equations of the model consisted of charge carrier
continuity equations coupled with the Poisson equation for the electric potential. The transport
of electrons and holes were described by drift and diusion; the separation and bimolecular
recombination of charge carriers were described by the Onsager-Braun model [40, 41] and the
Langevin recombination rate respectively. The model developed by Lacic and Inganas diers
from the Koster's model only in the constitutive relations and boundary formulations: Lacic and
Inganas considered the temperature and electric eld dependence of charge carrier mobilities as
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well as the spatial prole of charge carrier generation rate, but did not include a detailed model
on the separation of charge carriers. In addition, they followed a more detailed model (based
on Scott and Malliaras [115]) for charge carrier injection at Schottky metal/organic contacts,
whereas Koster et al considered ideal Ohmic contacts. Both of the modeling study investigated
the eects of charge carrier mobility and bimolecular recombination on the solar cell behavior
at dierent applied bias.
The eective-medium models do not capture the morphology of D/A blends, and morpholog-
ical eects are lumped into eective transport and recombination parameters that are typically
determined from calibration with experiments. These models do, however, provide a convenient
theoretical framework for analyzing the eects of essential photovoltaic mechanisms and material
properties on the performance of organic BHJ solar cells. Steady-state eective-medium models
based on the Koster's formulation have been utilized, for example, to describe the space-charge-
limited photocurrent in organic solar cells [55], to estimate the eects of thermal annealing [116]
and slow drying [117] of the photoactive layer on the charg carrier mobility, to derive the temper-
ature and light intensity dependence of the open-circuit voltage [118], to examine the inuences
of carrier mobility imbalance [57, 119], dielectric constant [120], doping, and injection barri-
ers [64] on the device performance, and to investigate recombination mechanisms in organic
solar cells [121,122].
Besides these steady-state studies, several transient eective-medium models have also been
developed. Hwang et al derived a time-dependant eective-medium model to study the ef-
fects of electron trapping and de-trapping on the photocurrent transient response of organic
solar cells [123]. Neukom et al [124, 125] employed a similar transient model to interpret ex-
perimental measurements from photogenerated charge carriers by Linearly Increasing Voltage
(photo-CELIV) [126] and to extract key solar cell parameters such as the charge carrier mo-
bility. Set et al [73] employed transient modeling to study the eects of degradation-related
trap states and trap-assisted recombination on the measured Intensity-Modulated Photocurrent
Spectra (IMPS) of organic solar cells [73].
The utilities of eective-medium models were further expanded with the inclusion of optical
simulations [127,128,129,130,131,132,133]. Eective-medium models coupled with 1D, transfer-
matrix-based optical calculations allow for the determination of the optimal thicknesses of an
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organic solar cell's various layers - including the photoactive layer [128]. In a recent optimization
study based on coupled optoelectronic modeling, Liu et al [133] pointed out that an optimal
cell should be congured such that the peak in the optical absorption prole is closer to the
contact for the slower charge carrier (i.e. charge carrier with lower mobility). More detailed
optical models based on 2D coupled wave analysis [132] and 3D frequency domain Maxwell's
equations [131] further enable the evaluation of plasmonic eects induced by surface patterning
or nanoparticle embedding.
1.4.2 Two-phase models
The rst two-phase model for organic solar cells was developed by Barker et al [134] for a 1D,
bilayer device structure. The model considered separation and recombination of charge carriers
at the donor/acceptor interface and solved separate transport equations for the charge carriers
in the acceptor and donor layers. Compared to eective-medium models, Barker's two-phase
model requires additional formulation to describe charge carrier separation and recombination
close to the donor/acceptor interface. For this purpose, an interfacial length scale on the order
of 1 nm was dened, and bimolecular recombination was assumed to take place only within
this length scale from the interface. The Barker's model was able to reproduce some important
features of the measured current-voltage characteristics of bilayer cells, including the logarithmic
dependence of open-circuit voltage on light intensity. However, the exciton transport in the donor
layer was not considered.
Martin et al [135] and Buxton and Clarke [136] implemented the Barker's two-phase formula-
tion in 2D for structures in the form of ordered, interpenetrating donor- and acceptor-channels.
These models were the rst to be utilized in studying the eects of the interfacial structure on
the local and global behaviors of organic solar cells. Williams and Walker [137] and Granero et
al [138] further extended these 2D two-phase models with optical simulations based on complete
Maxwell's equations. By systematically varying the dimensions of the donor- and acceptor-
channels, these models allow for the determination of the optimal channel-type D/A structure.
Besides the ordered, channel-type D/A structures, Buxton and Clarke [136] demonstrated
the implementation of 2D two-phase models with disordered blend morphologies obtained from
phase-separation simulations based on a phase-eld approach. A similar study was carried out
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by Shah and Ganesan [139], who investigated the structure-property relations in ordered and
disordered morphologies typically formed by rod-coil block copolymers. Kodali and Ganapa-
thysubramanian [140] recently presented a computational sensitivity analysis of the short-circuit
current for both ordered and disordered D/A morphologies. It was found that the short-circuit
current sensitivity to material properties, especially the dielectric constant, is higher for disor-
dered D/A structures compared to ordered channel-type or bilayer structures.
Due to high computational costs and complicated numerical implementation procedures,
two-phase models are less commonly implemented in 3D. Ray et al [107, 108] reported the
rst 3D two-phase model for organic BHJ solar cells incorporating randomly generated D/A
morphology obtained from phase-eld simulations. The model was utilized to study the eects
of thermal annealing on the D/A morphology and performance of organic solar cells. However,
their models were not coupled with the Poisson equation, and therefore they could not capture
space charge eects. Kodali and Ganapathysubramanian [140] recently demonstrated a non-
dimensional implementation method for 3D two-phase models, which also included the Poisson
equation for the electric potential. The 3D morphologies considered in their model, however,
were relatively simple, since the domain size of the D/A morphologies were large ( 30 nm)
whereas the simulated blend layer dimensions were small ( 100 nm).
We note that both eective-medium models and two-phase models to date assume the organic
semiconductors have sharp energy levels and are non-degenerate so that the classic Einstein
relation applies. Recently, several disordered models for charge carrier transport in organic
semiconductors, characterized by distributions of the density of states, concentration-dependant
charge carrier mobility [49,141], and the generalized Einstein relation [142], were introduced to
include the eects of energetic disorders [143,144,145]. These models have been applied to study
the device physics of organic light-emitting diodes [146]. Phenomenological parameters (i.e. the
Gaussian variance) are required to represent the disorder and spread of energy levels.
1.5 Objectives and outline
A good understanding of structure-property relationships in organic solar cells is a key step
towards a complete theoretical framework for targeted design and optimization of ecient solar
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cell devices. The existing eective-medium and two-phase device models, however, are limited in
providing such understanding: eective-medium models currently do not consider any structural
information of the D/A blend, whereas two-phase models require not only signicantly more
computational resources [140] but also explicit morphological details of the D/A blend that
are not available for most D/A systems. In addition, since morphological eects are captured
numerically rather than mathematically in the form of equations in two-phase models, one
typically needs to carry out simulations for a large number of dierent D/A structures in order
to identify key morphological parameters and to establish morphology-property relations. Even
though eective-medium models and two-phase models correspond to the macro-scale and the
micro-scale descriptions of the same physical processes, their inherent relations are `obscured' in
their current forms of governing formulation. It is desirable to recover this missing link between
the two types of model formulation as it allows for further insights into the interplay between
physics and morphology in organic solar cells. Another issue among the existing literatures is the
lack of consistent model calibration and validation procedures, so the validly of many modeling
studies and the associated model parameters are not properly assessed.
In this context, the main objectives of this thesis is to (i) derive and validate a computation-
ally ecient, spatially-smoothed modeling framework that bridges the macro-scale (eective-
medium) and the micro-scale (two-phase) model formulation, and to (ii) demonstrate applica-
tions of this new model in elucidating structure-property relations in organic solar cells, as well
as in nding the optimal D/A structures. For this purpose, the following subjects are presented
in this thesis:
(a). Chapter 2 summarizes and generalizes the existing eective-medium and two-phase model
formulation in the form of a 1D, pseudo-bilayer organic solar cell model. This pseudo-
bilayer model is developed based on a reformulation of boundary conditions at D/A in-
terfaces, and it corresponds to an organic solar cell whose photoactive layer is partially
intermixed. Depending on the nature of the D/A interface, it could be reduced to either a
two-phase, bilayer device model, or an eective-medium, BHJ device model. In addition,
this chapter also describes generation procedures for random morphologies that qualita-
tively resemble organic D/A blends, as well as the implementation of 3D, two-phase models
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based on these randomly generated morphologies.
(b). Chapter 3 presents an application of the device model introduced in (a) in studying the
device physics and characteristics of the recently identied organic pseudo-bilayer solar
cells. This chapter also demonstrates a model calibration and validation procedure based
on current-voltage measurements under dierent illumination conditions.
(c). In Chapter 4, the spatially-smoothed device model that forms the basis for the ensuing
studies is derived and validated. This model is developed based on volume-averaging of the
charge carrier continuity equations and the Poisson equation in existing two-phase models;
it not only features the simplicity of existing eective-medium models, but also captures
two essential morphological characteristics of organic D/A blends: the specic interfacial
area and the blending ratio between donor and acceptor materials. However, the process of
exciton transport is not considered in this chapter, since the characteristic length scale for
exciton transport is smaller than the length scale requirement for the volume-averaging.
(d). In Chapter 5, the spatially-smoothed model developed in (c) is extended to include eects
of the exciton transport. Based on simple scaling analysis and an eective-cylinder approx-
imation, closed-form expressions for the interfacial exciton ux and e/h pair generation
rate are derived as functions of morphological and exciton-transport parameters. These
expressions can be directly incorporated into existing eective-medium models, including
the spatially-smoothed model introduced in (c). Verication of the analytical results are
demonstrated based on detailed two-phase simulations utilizing randomly generated D/A
morphologies.
(e). Chapter 6 demonstrates the application of the spatially-smoothed model developed in
(c) and (d) in characterizing pillar-structured D/A solar cells. Morphologies in the form
of vertical, interpenetrating donor- and acceptor-pillars are commonly believed to be an
ecient type of D/A structure. Determination of the optimal shape and size of these
pillar structures, however, is tedious based on the conventional 3D, two-phase modeling
method. In this chapter, a set of explicit structure-property relations for pillar-structured
D/A solar cells are derived and veried. This allows for an ecient optimization routine
1.5. Objectives and outline 19
based on a 1D modeling framework to determine the optimal feature size of donor- and
acceptor-pillars.
(f). Chapter 7 discusses another application of the spatially-smoothed model in elucidating
the eect of D/A morphology on the open-circuit voltage (Voc) of organic solar cells. By
solving the charge carrier continuity equations analytically at open-circuit, a closed-form
expression for Voc is derived as a function of a single morphological parameter: the ratio be-
tween the donor volume fraction and the specic interfacial area. The expression is veried
against two-phase models with a range of ordered and disordered D/A morphologies.
(g). Finally, chapter 8 summarizes the main ndings of this thesis, and highlights how the
present work can be extended to t into a hierarchical multi-scale modelling framework
that allows for the determination of structure-property relations in realistic, disordered
D/A morphologies.
The main topics of this thesis are shown schematically in Figure 1.6.
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Figure 1.6: Thesis topics and objectives.
Chapter 2
Mathematical formulation
The main purpose of this chapter is to summarize the mathematical formulation for eective-
medium and two-phase device models. We shall present this in the form of a device model that
describes an organic solar cell with both pure and intermixed phases in its photoactive layer.
Physically, this model corresponds to the recently discovered organic pseudo-bilayer solar cells
where the donor and acceptor materials are partially intermixed. Mathematically, the model
encompasses the existing mathematical formulation for both eective-medium and two-phase
models, as it can be reduced to either a 1D BHJ device model (eective-medium) or a 1D
bilayer device model (two-phase) depending on the nature of phase boundaries between donor
and acceptor. The intermixing between the donor (d) and acceptor (a) layers in the pseudo-
bilayer solar cells produces a region with dispersed internal interfaces, which we refer to as the
blend (b) layer, that resembles the BHJ morphology, as illustrated in Figure 2.1a. In the limit
of complete intermixing between donor and acceptor, the trilayer structure reduces to a BHJ
layer. If, however, the intermixing is limited to a molecular-scale region across a well dened
interface, a bilayer structure depicted by Figure 2.1c is obtained. In this scenario, governing
equations for the intermixed region can be reduced to a ux transmission condition at the
interface, which takes into account the "smearing" of D/A interfaces. This way of formulating the
boundary conditions at D/A interfaces is important for volume-averaging procedures personated
in Chapter 4. This pseudo-bilayer device model is further utilized in Chapter 3 to study the
physics and characteristics of organic pseudo-bilayer solar cells.
In the following, we shall rst present the mathematical formulation for the pseudo-bilayer
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Figure 2.1: Schematics for the active layer structure of (a) a pseudo-bilayer solar cells, which
can be reduced to (b) a BHJ structure when the donor and acceptor layer thicknesses, ld and la,
are reduced to zero, and to (c) a pure bilayer structure in the limit of zero blend layer thickness,
lb. In the pure bilayer model, an intermixed region of thickness h is assumed to be present due
to the roughness of the interface as shown in (d). The Roman numerals indicate boundaries of
computational domains.
device model, followed by a description of reduced forms of the formulation that correspond to
the conventional 1D eective-medium model and the 1D two-phase model. In addition to the
simple bilayer case described in Figure 2.1c, two-phase models could in general be implemented
in 3D to incorporate complex, intermixed morphologies that resemble D/A blends. Therefore,
besides the 1D formulation for two-phase models, we shall also describe the implementation of
3D two-phase models with complex, two-phase D/A structures in the last section of this chapter.
2.1 Mathematical formulation for the pseudo-bilayer device
model
The main characteristics and postulates for the model are as follows:
1. Reduction in dimensionality to a one-dimensional (1D) geometry in the x-direction through
the cell, justied by no-ux conditions and insulation that can be invoked in the y- and
z-direction and by the eective-medium approach for the blend layer, which does not
resolve the ne details of the morphology explicitly. (N.B.: the governing equations and
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Figure 2.2: At D/A interfaces, excitons turn into interfacial e/h pairs sometimes referred to as
the charge-transfer state. They can either dissociate into free charge carriers, or recombine into
the ground state thourgh germinate recombination. Free charge carriers can recombine back
into the charge-transfer state through bimolecular recombination.
constitutive relations are presented in Gibbs notation to keep the mathematical formulation
generic; only the boundary conditions represent the 1D nature of the cell that is solved
here.)
2. The blend layer, in which charge carrier separation and recombination take place, is de-
scribed by the eective-medium approach by Koster et al. [113].
3. Charge carrier separation and recombination at D/A interfaces is assumed to be mediated
through interfacial e/h pairs (i.e. charge-transfer state), as depicted in Figure 2.2.
4. In the blend layer, we assume that the distance an exciton has to travel before reaching
a D/A interface is small compared to the exciton diusion length, so that the relaxation
of excitons can be neglected. Therefore, the generation rate of interfacial e/h pairs is
taken to be the same as that of excitons. This assumption is a consequence of the fact
that the eective-medium method currently does not consider morphological eects. We
shall revisit the eect of morphology on exciton transport and charge carrier generation
in chapter 5. At current collector contacts, all excitons recombine non-radiatively, whence
they do not contribute to the photocurrent [137].
5. Contacts between the active layer and current collectors are assumed to behave as Ohmic
contacts for the majority carriers, which is a common assumption for the type of materials
we consider here [57].
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2.1.1 Governing equations
In the donor layer, we solve the conservation equations for holes and excitons as well as the
Poisson equation:
r  J(d)h = 0; (2.1a)











ex are the hole and exciton uxes in the donor layer respectively, Gex is the
exciton generation rate in donor, nex is the exciton concentration,  ex is the exciton lifetime,
 (d) is the electric potential in the donor layer, e is the elemental charge, " is the dielectric
constant of donor, "0 is the permittivity of free space and nh is the hole concentration.
In the acceptor layer, we consider conservation of electrons and the Poisson equation:
r  J(a)e = 0; (2.2a)





e is the electron ux in the acceptor layer, ne is the electron concentration, and " is
the dielectric constant of acceptor.
In the blend layer, we solve for conservation of electrons and holes coupled with the Poisson
equation:
r  J(b)e = S; (2.3a)
r  J(b)h = S; (2.3b)
 r2 (b) = e
"0"





h are electron and hole uxes in the blend layer, S is the net generation rate
of charge carriers and " is the dielectric constant of the blend layer.
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2.1.2 Boundary conditions
At the acceptor/current collector contact (see boundary I in Figure 2.1a), the potential is
without loss of generality set to be zero and the electron and hole concentrations are given by
Boltzmann statistics [113,128]:





here, Ncv is the eective density of states for both electrons and holes, Vb is the built-in voltage
of the cell, kB is the Boltzmann constant, and T is the temperature. Since the exact values of
the eective densities of states are unknown, one value for both charge carrier species are used
to reduce the number of adjustable parameters, similar to Koster et al. [113].
At the donor/current collector contact (IV ), the potential, charge concentrations and exciton
concentration are dened as




; nh = Ncv; nex = 0; (2.5)
where Va is the applied voltage.
At the acceptor layer/blend layer interface (II), the electric potential and electron ux are
assumed to be continuous, whereas holes are assumed to not move into the acceptor layer:
 (a) =  (b); (J(a)e   J(b)e )  ex = J(b)h  ex = 0: (2.6)
At the blend layer/donor layer interface (III), the dissociation of excitons from the donor
layer contributes to additional uxes of electrons and holes; in addition the electric potential
and exciton concentration are given as follows:
(J
(d)
h   J(b)h )  ex =  J(b)e  ex =  PJex  ex;  (b) =  (d); nex = 0; (2.7)
here, P is the dissociation probability.
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2.1.3 Constitutive relations
The electron and hole uxes in the dierent layers are dened as
J(i)e = ne
(i)
e r  D(i)e rne; (2.8a)
J
(j)
h =  nh(j)h r  D(j)h rnh; (2.8b)




h are the mobilities of



















The exciton ux is due to diusion only, whence it can be written as
J(d)ex =  Dexrnex; (2.10)
where Dex is exciton diusion coecient.
We take the dielectric constant for the bulk phase as the volume-average of the dielectric
constants for the donor and acceptor phases:
" = " + "; (2.11)
here,  and  are the total volume fractions of acceptor and donor phase respectively. The
rationale behind Eq. 2.11 shall become clearer in chapter 4.
The source term in Eqs. 2.3a-2.3b is given by [113]
S = PGex   (1  P )krnenh; (2.12)
here, P is the dissociation probability of interfacial e/h pairs which will be treated as a constant
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2.2 Eective-medium and two-phase models
The trilayer structure of the organic pseudo-bilayer solar cell can be reduced to the structure
of a BHJ cell (see Figure 2.1b) in the limit of la; ld ! 0. In this limit, the mathematical model
reduces to the conventional 1D, eective-medium model which is described by Eqs. 2.3a-2.3c
with the relevant constitutive relations and boundary conditions.
On the other hand, we recover the structure of a bilayer cell (Figure 2.1c) in the limit of
lb ! h, where h  1 nm describes the limited degree of intermixing due to the roughness of
the interface between the acceptor and donor (see Figure 2.1c-d). In this limit, the mathemat-
ical model corresponds to a 1D, two-phase device model with the simplest D/A structure. It
comprises Eqs. 2.1b-2.1c and 2.2a-2.2b with the relevant constitutive relations and boundary
conditions; for the latter, one more set of boundary conditions is required as lb ! h at the
donor/acceptor interface (V ):
J
(d)
h  ex =  J(a)e  ex = h[Pge=h   (1  P )krnenh]; (2.14)
 (a) =  (d); nex = 0; (2.15)
where ge=h is the volumetric generation rate of interfacial e/h pairs within h from the D/A
interface. In writing Eq. 2.14, we exploit the fact that h L, so charge carrier generation and
recombination occur within the small blend region of thickness h are taken to be uniform. For







so that Eq. 2.14 can be rewritten as
J
(d)
h  ex =  J(a)e  ex =  PJex  ex   h(1  P )krnenh: (2.17)
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2.3 Three-dimensional two-phase models
While Eqs. 2.1b-2.1c and 2.2a-2.2b describe the simplest case of two-phase models with a 1D
bilayer D/A structure, two-phase models could also incorporate general 3D D/A structures. The
formulation for 3D two-phase models remains largely the same as the 1D formulation described
above, with the exception of two distinctions:
1. The boundary conditions at D/A interfaces, Eqs. 2.14-2.15, should be rewritten to reect
the random orientation of D/A interfaces in 3D morphologies:
Jh  n =  Je  n =  PJex  n   h(1  P )krnenh,
  =  , nex = 0.
Here, n is the unit normal vector pointing from acceptor phase to donor phase, and  
and   are the electric potential in acceptor phase and donor phase respectively.
2. Additional boundary conditions are required at the bounding surfaces in the y- and z-
directions, i.e. the non-contacted surfaces. These are assumed to be well-insulated, so
that the following no-ux conditions apply:
ey(z)  Jh = ey(z)  Je = ey(z)  Jex = 0;
ey(z)  r  = ey(z)  r  = 0:
The mathematical formulation for 3D two-phase model serves as the starting point for de-
riving the spatially-smoothed device model, therefore a full list of the formulation will be sum-
marized again in chapter 4. In the following, we turn our attention to the procedures for gen-
erating and implementing 3D, two-phase D/A morphologies based on a phase-eld approach.
In addition, we discuss some initial observations on the eects of morphology on the solar cell
performance obtained from 3D two-phase modeling.
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2.3.1 Morphology generation
A phenomenological phase-eld method is commonly employed to produce D/A morphologies
that qualitatively resemble organic BHJs [107, 108, 109]. This method is based on the solu-
tion of the Cahn-Hillard equation, which describes the spontaneous separation of two initially
intermixed phases through a diusion-like process. These phase-eld models, however, usually
contain ve or more phenomenological parameters, such as the Flory parameter, which are inu-
ential to the simulation results but are also dicult to determine. Here, we describe a simplied
version of the phase-eld model that contains a minimum number of parameters to generate the
bicontinuous, homogenous phase-separation patterns commonly employed in two-phase models.
We considered the simplest form of the Cahn-Hillard equation [147]:
@
@t
=Mr2  3      2r2 : (2.18)
This form of the Cahn-Hillard equation contains only two parameters which are necessary to
balance the dimensions of the equation: M is the mobility parameter which has the unit of
m2s 1, and  is the interface parameter with the unit of m. Here, the variable  is the volume
fraction of the donor phase, and t is time.
We considered a computational domain that represents a cubic D/A blend with the dimension
of 100 nm by 100 nm by 100 nm. The boundary condition at the bounding surfaces were set to
be no-ux:
r = 0: (2.19)
To represent the nely mixed state of the D/A blend prior to phase separation, we assigned at
each point of the computational domain a randomly generated number between 0:48 and 0:52 for
 at t = 0. The model, consisting of the governing equation Eq. 2.18, the boundary condition
Eq. 2.19, and the initial values of , was solved numerically with Comsol Multiphysics 3.5a
[148], a versatile modeling software capable of solving a wide range of coupled partial dierential
equations based on the nite element method. As the simulation proceeds along the time t, 
redistributes within the computational domain in a way that resembles the separation between
donor and acceptor phases. Dierent phase-separation patterns was obtained by changing initial
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values of  and extracting simulation results at dierent time t. We selected those simulated
D/A morphologies whose average donor domain sizes are around 10  20 nm, which is typically
observed for organic BHJ solar cells.
2.3.2 Numerical implementation
The morphological information produced by the phase-eld simulation was represented by 
values between 0 and 1 at each point of the computational domain. In order to incorporate the
morphology into two-phase device models, we rst dened the donor and acceptor regions by:
 =
8>>>><>>>>:
1 for  > 0:5
0 for   0:5
: (2.20)
This binary partition transformed simulation results into a binary volumetric matrix, where the
donor phase was identied  = 1. The next step was to generate computational meshes based
on the information stored in the binary volumetric matrix, which would dene the computa-
tional domain for the two-phase model. For this purpose, we employed the commercial meshing
software Simpleware ScanIP+FE Module 5.0 [149] to generate tetrahedral volume meshes
for both the donor and acceptor regions ( = 1 and  = 0 respectively), with smooth triangu-
lar surface meshes in-between. The mesh quality was automatically optimized by the software
for a given number of total tetrahedral elements, which we chose to be around 4 105.
Finally, we implemented and solved the 3D two-phase models numerically with Comsol
Multiphysics 4.3. The meshed D/A structures were rst imported into Comsol Multi-
physics to dene the computational domains; the relevant governing equations, boundary con-
ditions and constitutive relations were subsequently specied for each domain. A typical 3D
two-phase model contained 106 degrees of freedom, and it took approximately 20 hours for
8 CPUs clocked at 3:0 GHz to generate a current-voltage curve consisting of thirty current-
density evaluations. We found the Parallel Sparse Direct Solver (PARDISO) to be the most
robust built-in linear system solver for solving these numerical models.
The implementation of 3D two-phase model is summarized schematically in Figure 2.3. Fig-
ure 2.4a-e illustrates ve disordered D/A structures generated with the phase-eld method,
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Figure 2.3: The procedures for generating and implementing 3D D/A morphologies.
whereas Figure 2.4f shows an ordered D/A structure created manually with Comsol Multi-
physics' Computer-Aided Design functionality. Both disordered and ordered D/A morphologies
were studied with 3D two-phase models.
2.3.3 Discussion
The 3D two-phase models described here require considerably more time and computational
resources to implement and solve as compared to 1D eective-medium models. They are not
employed in this thesis as the main tool for studying structure-property relations in organic
solar cells, but are instead retained as means to verify some important approximate analytical
relations derived in Chapter 5-7. For illustrative purposes, however, we present here some initial
observations on the eect of D/A morphology on the device performance obtained from 3D
two-phase modeling. The model parameters are summarized in Table 1.
Figure 2.5a compares the simulated current-voltage characteristics of four disordered D/A
blends corresponding to the structures shown in Figure 2.4a-d. We observe noticeable dier-
ences in the short-circuit currents exhibited by these dierent structures, whereas the relative
dierences in their open-circuit voltages remain within 3%. One could not immediately estab-
lish any relation between morphology and performance based on these simulation results, since
morphological eects are captured numerically instead of analytically in 3D two-phase mod-
els. Intuitively, however, one can think of two morphological characteristics of these D/A blends
that should aect their current-voltage behavior: the amount of D/A interfaces contained within
the blend., and the relative amount of donor and acceptor materials in the blend. The former
factor should determine the rates of charge carrier generation and recombination since both
processes occur at interfaces, and the latter factor is likely to inuence the process of charge
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Figure 2.4: (a)-(e) Examples of ve disordered D/A morphologies generated with the phase-eld
approach, and (f) a manually dened D/A morphology in the form of interpenetrating donor-
and acceptor-pillars. The ordered morphology (f) has the same interfacial area and D/A volume
ratio as the disordered morphology (e).
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Figure 2.5: (a) Current-voltage characteristics for the D/A morphologies corresponding to Fig.
2.4a (dashed line), b (*), c (dash-dot line), d (dotted line), and f (solid line). (b) Current-voltage
characteristics for the disordered morphology shown in Fig. 2.4e (dashed line), and that for the
ordered morphology shown in Fig. 2.4f (solid line).
carrier transport. We shall see in chapter 4 that these two morphological characteristics arise
naturally during the volume-averaging process, and their eects shall be discussed in more detail
throughout the ensuing chapters.
The interfacial area and blending ratios, however, are not the only morphological character-
istics important to the performance of organic solar cells. This is evident by Figure 2.5b, where
the current-voltage curves of two D/A blends corresponding to the structures shown in Figure
2.4e-f are compared. Even though the two D/A blends have the same D/A interfacial area and
blend compositions, the photo-current of the ordered structure (Figure 2.4f) is larger than that
of the disordered structure (Figure 2.4e). The orientation of D/A interfaces, therefore, is also
likely to be an inuential morphological factor.
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Table 1. Parameters for 3D two-phase models
Physical parameters Values
Dex 2:0 10 7 m2 s 1
" 3:5
" 3:0
Gex 8:0 1027 m 3s 1
h 2 nm
 ex 3:2 10 10 s
e 2:0 10 7 m2 V 1 s 1
h 1:0 10 7 m2 V 1 s 1





We have derived a donor-blend-acceptor model for organic solar cells that captures essential
solar cell physics such as charge carrier transport, separation, and recombination, as well as the
space charge eect. Its mathematical formulation ties together the conventional 1D eective-
medium model and the 1D two-phase model, and it can be reduced to either one depending
on the thickness of the blend layer. In addition, we have introduced a phase-eld method for
generating random morphologies for the D/A blend, which could be subsequently implemented
in 3D two-phase models. Some initial simulation results from 3D two-phase models are discussed.
Chapter 3
Device physics of organic
pseudo-bilayer solar cells
In this chapter, we utilize the donor-blend-acceptor device model introduced in Chapter 2 to
study the device physics and characteristics of the recently identied organic pseudo-bilayer
solar cells.
Recently, Ayzner et al. [90] reported high photoconversion eciencies (3:5%) with sequential-
solution-processed large-molecule bilayer solar cells and therefore questioned the need for BHJ
morphologies. These cells were fabricated by sequentially depositing P3HT and PCBM layers
with the help of the orthogonal solvents o-dichlorobenzene and dichloromethane respectively.
Their claim that a well-dened planar interface is formed between the donor and acceptor
phases based on the observations from atomic force microscopy images has stirred some debate
in the scientic community. In particular, Lee et al. [150] demonstrated with their neutron
reectometry measurements that the fabrication method introduced by Ayzner et al. actually
leads to intermixed heterojunctions of P3HT and PCBM; they postulated that dichloromethane
might cause swelling of the P3HT and thus allows PCBM interdiusion to occur. Moon et
al. [151] presented cross-section TEM images of the sequential-solution-processed bilayer solar
cells that reveal intermixing between both the materials. Heinemann et al. [152] employed Time
of Flight-Secondary Ion Mass Spectrometry (TOF-SIMS) depth proling measurements and X-
ray Photoelectron Spectroscopy (XPS) and found that partial intermixing of the P3HT and
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PCBM occurs even without thermal treatment, and that thermal annealing results in complete
intermixing of the layers. This type of device was thus termed as an organic \pseudo-bilayer"
solar cell.
In view of the lack of a modeling study on this type of solar cells and the ongoing discussion of
the nature of the interface, the purpose of this chapter is twofold: rst, to calibrate and validate
the pseudo-bilayer solar cell model derived in Chapter 2 with experimental measurements; and
second, to elucidate within the mathematical framework whether the phase boundary is in the
form of a well-dened planar interface or a partially intermixed region.
3.1 Experiments
In order to study the device physics of pseudo-bilayer solar cells with the device model described
in charpter 2, reliable model parameters must be obtained rst by calibrating the model with
measurements. For this purpose, both annealed and non-annealed P3HT/PCBM pseudo-bilayer
solar cells { each with an area of 9 mm2 and an active-layer thickness of around 100 nm { were
fabricated according to the procedure outlined in Heinemann et al. [152].
A series of current-voltage curves were measured under dierent illumination intensities of
a 300 W sun simulator, which had been calibrated for a 1-sun intensity with a silicon reference
cell (Fraunhofer ISE) and corrected by applying a spectral mismatch factor. Measurements for
each illumination intensity were performed for ten dierent cells: one representative curve for
each intensity was selected for model calibration and validation. In addition, selected annealed
and non-annealed cells were characterized with TOF-SIMS depth proling measurements [152].
The depth proles suggest that the non-annealed cells have partially intermixed heterojunctions,
while the annealed cells have completely intermixed heterojunctions.
3.2 The device model
The device model employed in this chapter is based on the trilayer (for non-annealed cells) and
the BHJ (for annealed cells) descriptions of the pseudo-bilayer model derived in Chapter 2. In
addition to the mathematical formulation already presented in Chapter 2, we invoke additional
constitutive relations to describe the charge-transfer state dissociation based on the Onsager-
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Braun model [40]. Furthermore, in order to reduce the number of adjustable parameters for
model calibration, we employ an optical model based on the well-established transfer matrix
method to calculate the exciton generation rate, Gex. In the following, we only discuss the con-
stitutive relations and the numerical implementations, since detailed descriptions of the transfer
matrix method have been presented by many authors [102,103,128].
3.2.1 Constitutive relations
















in which a is the separation distance between an electron and a hole in the charge-transfer state
and a is the most probable separation distance. The distribution function, f(a), accounts for the
disorder in the organic blend [41]. In Eq. 3.2, kg is the germinate recombination rate constant
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2), J1 is the Bessel function of order one, and Eb is the binding
energy of the charge-transfer state, given by Eb = e
2=(4"0"a).





where  ex is the exciton lifetime.
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3.2.2 Numerics
The system of non-linear ordinary dierential and integro-dierential equations for the depen-
dent variables { ne, nh, nex, and  { was solved numerically with the commercial nite-element
solver Comsol Multiphysics 3.5a [148], which allows for the solution of well-posed arbitrary
dierential and algebraic equations. The exciton generation rate, Gex; was secured in the form
of polynomials from the transfer matrix formulation for the optical model that was implemented
in Matlab 2010a [153]; these polynomials were then employed for interpolation in Comsol.
In essence, our optical model diers from the ones described in [128,154] only in the structure
of the active layers: the donor-blend-acceptor active layer structure in the pseudo-bilayer cell is
considered instead of a single BHJ layer. Further, the refractive indexes for each layer of the
solar cell were obtained from [154].
The integral on the right-hand-side of Eq. 3.1, which appears in the source term for the
conservation of holes and electrons in the blend layer is improper as written; it therefore needs
to be reformulated prior to numerical implementation. This was accomplished by rst splitting
















where I1 is well-behaved since the integrand is bounded at a = 0, which can be shown with
l'Ho^pital's Rule. The second integral, I2, can be shown to be negligible for certain limits B by













where the integrand { F (a) > p(a;E(x))f(a) in [B;1) { can be integrated. For example,
for B = 1  10 8 m, I2 is around ten orders of magnitude smaller than I1 for the set of
parameters considered here. Further, I1 cannot be integrated analytically, whence we generated
an approximate closed-form expression with Simpson's 3/8 rule [155] in Maple 14 [156], a
symbolic computational software.
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Figure 3.1: Simulated (lines) and measured (symbols) current densities for annealed pseudo-
bilayer cells under AM1.5 solar spectrum: the training set with an illumination intensity of 0.55
sun (), and test sets with intensities of 0.75 sun () and 1 sun (4). The error bars indicate
one standard deviation of measurements for ten cells.
Calibration of model parameters was carried out by solving a nonlinear curve-tting problem









where I and Iexp are vectors that contain simulated and measured current densities at various









h ; based on experimental observations that blend phase mobilities in general are lower
than pristine phase mobilities [54].
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h , Dex, and  ex { of the pure donor





h , a, and kg, { for the blend layer are less so due to their supercial nature and thus
dependence on the morphology and composition of the blend itself. In order to determine the
blend properties, the mathematical model in the limit of the BHJ description was calibrated
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with a training set (0.55 sun) and validated with two test sets (0.75 and 1 sun) from current-
voltage measurements of the same annealed in-house cells at 1.5AM solar spectrum, as depicted
in Figure 3.1: overall, good agreement was obtained. Here, the annealed cells were selected
since their active layer have been shown to be fully intermixed and therefore can be captured by
the BHJ description of the pseudo-bilayer model, in contrast to non-annealed cells, which are
partially intermixed and thus do not allow for a straightforward calibration [152].
The calibrated parameters for the annealed cells. shown in Table 2, were then applied in
the blend layer of the pseudo-bilayer model as well as in the thin intermixed region of the
bilayer description of the model. This approach is justied from the theoretical point of view, in
which the blend layer of the generic pseudo-bilayer cell (Figure 3.1a) is reduced to either a thin
intermixed boundary layer of thickness, h  1 nm, in the limit of a bilayer cell (Figure 3.1c) or to
the entire length of the cell for the limit of a BHJ cell (Figure 3.1b); from an experimental point
of view, however, this is likely to introduce errors as the fabrication conditions are dierent for
the annealed and non-annealed cells, which, in turn, can be expected to aect the morphology
in the blend. For our purposes, the agreement between experiments and model predictions, as
we shall see, was found to be sucient.
During calibration, we estimated Vb as the voltage at which the light current of the cell is
equal to its dark current [157]. The phase fractions of the blend were estimated based on the
deposition thicknesses of the donor and acceptor layers. Since the Fermi level only serves as a
reference position for the quasi-Fermi levels in our calculations, we assume that it lies at 4.7eV.
3.4 Results and discussion
Before examining the behavior and validity of the pseudo-bilayer model let us return to the
sequential-solution-processed bilayer solar cells by Ayzner et al. [90] and their argument that
the high photoluminescence (PL) quenching eciency ( 90%), and therefore the large pho-
tocurrent, can be explained with a higher than usual exciton diusion length. The latter can
be explored with the mathematical model in the limit of the pure bilayer description by chang-
ing the exciton diusion length and observing the resulting short circuit current, as depicted
in Figure 3.2. Here, we note that the calculated short-circuit currents, around -1:8 to -5 mA
3.4. Results and discussion 41






















Figure 3.2: Simulated current densities for a pure bilayer cell with exciton diusion lengths of 10
nm (||), 30 nm ({ { {), 50 nm (  ) and 70 nm ({  {). The symbols () represent measured
current densities from a non-annealed pseudo-bilayer cell.


























Figure 3.3: Simulated exciton concentrations in the donor layer for exciton diusion lengths of
10 nm (||), 30 nm ({ { {), 50 nm (  ), and 70 nm ({  {). The coordinates are dened in
Fig. 1. Illumination comes from the donor side.
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cm 2, are signicantly lower than the measured counterpart, around -7:2 mA cm 2, from our
non-annealed cell { even with a large exciton diusion length that corresponds to the donor layer
thickness. The main reason for the lower short-circuit currents from model predictions can be
inferred from Figure 3.3, which shows that the exciton concentrations are approximately sym-
metric around the center of the donor layer; this, in turn, implies that the number of excitons
diusing towards the donor/current collector contact are roughly the same as those diusing
towards the donor/acceptor interface. In other words, approximately half of the excitons are lost
due to surface recombination at the donor/current collector contact even if the exciton diusion
length is large enough for the bulk exciton recombination to be neglected. Therefore, our bilayer
description suggests that the high short-circuit current observed in the pseudo-bilayer devices
cannot be explained by a large exciton diusion length.
We proceed to address the remaining argument { an intermixing of phases and the appearance
of a blend layer { by examining how well the pseudo-bilayer model is able to capture the measured
performance of the non-annealed cell. For this comparison, we require the thickness of the three
layers: acceptor, blend and donor. While the total thickness of the active layer for the non-
annealed cell is around 100 nm, the thickness of each individual layer (la, lb, ld) is more dicult
to determine experimentally. We thus assume the pure PCBM layer to have a thickness of 10
nm which is smaller than its deposition thickness of 20 nm due to interdiusion, and investigate
how the current-voltage characteristics change with varying thicknesses of the blend and the
P3HT layers. From Figure 3.4a, we see that the short-circuit current increases signicantly with
the blend-layer thickness { an apparent consequence of increased charge carrier generation due
to higher exciton capture rate in the blend layer. Turning to the open circuit voltage, however,
only less than a 2% change in the open-circuit voltage is observed with a 70 nm change in
blend-layer thickness. Based on the value of short-circuit current, the model with 70 nm blend
layer thickness best approximates the measurements for the non-annealed pseudo-bilayer cell.
The overall agreement of the current-voltage curve, however, is poor as suggested by the low ll
factor (56%) of the measured curve compared to that of the simulated curve (68%).
This poor agreement is likely due to the fact that transport parameters of the blend layer were
calibrated with annealed instead of non-annealed devices. It is generally believed that annealing
leads to higher values of carrier mobilities [158,159,160,161] due to increased crystallinity of both
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Figure 3.4: (a) Simulated current densities for a pseudo-bilayer solar cell with blend-layer thick-
nesses of 30 nm ({ { {), 50 nm (  ), 70 nm (||) and 100 nm ({  {); and measurements
for a non-annealed cell with 100 nm active layer (). (b) Simulated current densities for a
pseudo-bilayer solar cell with 70 nm blend-layer thickness and electron mobility of 1.810 4
m2V 1s 1(||) and 8.210 4 m2V 1s 1({ { {); and measurements ().
P3HT and PCBM phases. In contrast, the absorption spectrum of our devices suggests that heat
treatment does not show appreciable eect on the P3HT crystallinity [152]. It was postulated
that the high boiling point and the slow evaporation rate of the solvent o-dichlorobenzene leads
to slow lm formation and high crystallinity of the P3HT phase even without heat treatment.
Based on this observation, we re-calibrate only the blend phase electron mobility for the pseudo-
bilayer model. The agreement with experiment is improved with the same model by reducing
the electron mobility from 8:2  10 4 m2V 1s 1 obtained for the annealed devices to a lower
value of 1:8  10 4 m2V 1s 1, while keeping all other parameters unchanged (Figure 3.4b).
Thus, the dierence in current-voltage characteristics between the annealed and non-annealed
pseudo-bilayer cells can be largely accounted for by the dierences in the active layer structure
as well as the electron mobility.
Now that the validity of the pseudo-bilayer model has been established to a reasonable
extent, we turn our attention towards the local behavior of the key dependent variables: electric
potential and carrier concentrations at the point of maximum power output (Va = 0:46 V) for
the model with 70 nm blend-layer thickness as depicted in Figure 3.5. Since only the majority
charge carrier is considered in the pure donor and acceptor layers, we expect the right-hand-
side of the Poisson equations (Eqs. 2.1c and 2.2b) to be larger than that in the blend layer,
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Figure 3.5: (a) Electric potential for the model with 70 nm blend-layer thickness at the maximum
power point. (b) Electron (||), hole ({ { {), and exciton ({  {) concentrations for the model
with 70 nm blend-layer thickness at the maximum power point.
leading to high non-linearity of the potential in these layers. In Figure 3.5a, the simulated
electric potential prole conrms our expectation, indicating signicant space charge eect in
the donor and acceptor layers. In the blend layer, however, the potential is approximately linear
as the screening eect of opposite charges reduces the space charge. Because there is no charge
generation in pure donor and acceptor layers, Eqs. 2.1a and 2.2a require drift uxes (ne
(a)
e r ,
 nh(d)h r ) to be balanced by diusion uxes ( D(a)e rne,  D(d)h rnh). We therefore expect
large carrier concentration gradients in these layers, which can be conrmed from the simulation
results shown in Figure 3.5b. Similar to the case of a pure bilayer, the exciton concentration is
approximately symmetric near to the center of the donor layer. Furthermore, its concentration
drops to zero at the donor/blend layer interface where excitons turn into charge-transfer states.
3.5 Summary
In this chapter, we have examined the device physics of pseudo-bilayer solar cells with the pseudo-
bilayer device model derived in chapter 2, which has been calibrated and validated against
experimental current-voltage measurements. In the limit of the bilayer description of the model,
we have demonstrated that the diusional ux of excitons towards the current collector contact
contributes to a signicant loss of charge carriers. Because of this loss mechanism, large-molecule
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bilayer solar cells cannot produce the high photocoversion eciency measured from the pseudo-
bilayer solar cell, even if the exciton diusion length is taken to be as large as the length of the
device. This prediction further conrms the experimental observation that intermixed regions
are present in the organic pseudo-bilayer cells. From our simulations, the short circuit current of
the pseudo-bilayer devices increases with increasing thickness of the blend layer, while the open
circuit voltage remains approximately unchanged. Based on the agreement with measurement,
our model also suggests the annealed pseudo-bilayer cell has a higher electron mobility than the
non-annealed counterpart. The local features of carrier concentrations and electric potential are
also illustrated.
46 3.5. Summary
Table 2. Model parameters for the pseudo-bilayer model
Common parameters Values References
a 1:63 nm tted
Dex 1:8 10 7 m2 s 1 [162]
" 3:9 [39]
" 3:0 [163]
kg 2:1 105 s 1 tted

(a)
e 4 10 7 m2 V 1 s 1 estimated from [54]

(d)
h 1 10 7 m2 V 1 s 1 estimated from [164]

(b)
e 0:82 10 7 m2 V 1 s 1 tted

(b)
h 0:93 10 7 m2 V 1 s 1 tted
Ncv 2:5 1025 m3 [113]
T 303 K -
 ex 4 10 10 s [162]
Vb 1:02 V estimated
Bilayer description
h 2 nm assumed
la 20 nm -
ld 80 nm -





la 10 nm assumed
lb 30  70 nm -
ld 20  60 nm -
Chapter 4
Spatially-smoothed model for
organic bulk heterojunction solar
cells
4.1 Introduction
In this chapter, we employ volume-averaging principles to bridge the eective-medium model
with the two-phase model introduced in Chapter 2. This procedure alleviates the need to solve
the governing equations in complex geometries by transforming the original point-wise equations
into volume-averaged counterparts whilst capturing morphological features in eective material
parameters. For example, in chemical engineering, volume-averaging is frequently applied in
studying the transport of chemical species through porous media [165, 166, 167]. The existing
eective-medium models for organic BHJ solar cells introduced by Koster et al. [113] were not
derived through volume-averaging, but were instead formulated conceptually based on standard
semiconductor photovoltaic cells. As a result, Koster's eective-medium formulation does not
include any morphological information, and does not distinguish between point-wise and volume-
averaged quantities. In addition, the inherent relation between the two types of formulations
{ two-phase and volume-averaged { is \obscured" in the existing form of the eective-medium
model.
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In view of the aforementioned shortcomings of the existing eective-medium formulation for
organic BHJ solar cells, the aim of this chapter is threefold: (i) to derive an eective-medium
formulation based on volume-averaging of a two-phase model (we shall refer to this as spatially-
smoothed formulation); (ii) to nd the conditions for which a spatially-smoothed formulation
reduces to the already-established eective-medium model by Koster et al. [113]; and (iii) to
consider a \perfect" interpenetrated blend structure, for which we can determine the eective
transport properties and their functional form with regards to the morphology. Here, we exploit
one key advantage of the volume-averaging procedure: we do at rst not require a detailed
resolution of the underlying morphology to secure a spatially-smoothed counterpart except for
length scales to ensure that the arguments hold. Furthermore, the volume fraction of the donor
and acceptor phase, and the specic interfacial area between the two phases emerge naturally
during the volume averaging.
4.2 Derivation of the spatially-smoothed model
This section outlines the development of the spatially-smoothed formulation for the electric po-
tential and the charge carrier continuity equations in organic BHJ solar cells. We rst introduce
the length scales and denitions of volume averages for the active layer as a two-phase sys-
tem; then, volume-averaging of the governing equations for the two-phase system is presented.
The derivation is based on the method of volume averaging developed by [165] for transport of
chemical species in porous materials.
4.2.1 Basic denitions
The representation of a macroscopic region of a BHJ layer together with the local averaging
volume is given in Figure 4.1. Letting  and  denote the acceptor and the donor phase respec-
tively, with every point in space we associate a representitive averaging volume V, expressed
as
V = V + V; (4.1)
where V and V are the volumes of the - and -phase contained within the averaging volume.
Here we have chosen a sphere as the averaging volume, but any shape could be employed provided
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Figure 4.1: Schematics for (a) the typical structure of an organic bulk heterojunction solar cell,
and (b) length scales for the donor/acceptor blend in an averaging volume. The representative
averaging volume should have a radius r0 that is large compared to the characteristic length
scales for each phase, l and l, but small compared to the device thickness, L.
the length scales in the two-phase system are constrained as follows:
l; l  r0  L; (4.2)
where l and l are the domain length scales for the donor and acceptor phases that are typically
O(1-10) nm, L is the device thickness of O(100) nm, and r0 represents the size of the averaging
volume. Strictly speaking, the averaging is only valid in the bulk where the constraints are
satised for averaging volume and thus not at boundaries between the active layer and the
positive/negative contact. Nonetheless, we will assume that the governing equations are valid
throughout the active layer as a rst approximation.
Let B be a quantity (such as the electric potential and charge carrier concentrations) asso-
ciated with phase i, where i represents either  or ; the supercial volume average of B for
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because it provides a better representation of the condition in the particular phase it is dened
in [165]. The supercial and intrinsic volume averages for the phase i are related through
hBi = ihBii; (4.5)
where i is the volume fraction of phase i:
Vi = iV: (4.6)





in which A represents the interfacial area between the two phases. The spatial averaging
theorem for a scalar quantity B and a vector quantity B (e.g. the gradient of the electric
potential) associated with the i-phase are, respectively,








where n represents a unit normal vector directed from -phase to -phase. This theorem is
useful for interchanging dierentiation and integration.
4.2.2 Two-phase formulation
For convenience, we summarize the governing equations and boundary conditions for the two-
phase model formulation for an intermixed D/A blend. These equations are similar to the
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ones developed in Chapter 2, except that we do not consider the exciton transport here. The
governing equations and boundary conditions for the electric potential in the acceptor and the
donor phases can be written as
r  ("0"r ) = ene in V; (4.10a)
r  ("0"r ) =  enh in V; (4.10b)
  =   at A; (4.10c)
n  "r  = n  "r  at A; (4.10d)
  =   = 0 at An; (4.10e)
  =   = Va   Vb at Ap; (4.10f)
n  r  = n  r  = 0 at As: (4.10g)
Here, the - interfaces are denoted by A; contacts at the negative and positive electrodes are
represented by An and Ap respectively, and all other surfaces are assumed to be well inactive
and are denoted by As. All other symbols have their usual meanings as employed in Chapter 2.
The governing equations and boundary conditions for the electron and hole concentrations
are given by
r  Je = 0 in V; (4.11a)
r  Jh = 0 in V; (4.11b)
Je =  Derne + ener ; (4.11c)
Jh =  Dhrnh   hnhr ; (4.11d)
n  Je =  n  Jh=h[(1  P )krnhne   Pge=h] at A; (4.11e)
ne = Ncv, n  Jh = 0 at An; (4.11f)
nh = Ncv, n  Je = 0 at Ap; (4.11g)
n  Jh = n  Je = 0 at As: (4.11h)
We recall that ge=h represents the volumetric generation rate of interfacial e/h pairs within h
across D/A interfaces. As discussed in Chatper 2, it can be related to the exciton ux, Jex,






Since we do not consider exciton transport in this Chapter, Eq. 4.11e is written in terms of ge=h
instead of Jex.
4.2.3 Volume-averaging of electric potential
We start by taking the supercial average of Eq. 4.10a, which gives
hr  ("0"r )i = ehnei: (4.12)
Utilizing the relationship between the intrinsic and supercial volume averages of  ,
h i = h i; (4.13)
and applying the spatial averaging theorem twice on Eq. 4.12 then yields
r 
264"0"
0B@rh i + h ir + 1V
Z
A









Here, we have choosen the intrinsic volume average for the dependent variable since it is typically
the preferred form when volume averaging [165]. We also note that the volume fraction of the
-phase, , arises in Eq. 4.14 when introducing the intrinsic volume average. Proceeding with
a spatial decomposition of   according to
  = h i + ~ ; (4.15)
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where ~  is referred to as the spatial deviation potential, and following the analysis along the
lines of Whitaker [165], Eq. 4.14 can be shown to be equivalent to
r 
264"0"








n  ("0"r )dA = ehnei; (4.16)
where the following constraints apply:
l  r0, r20  ll5 : (4.17)
Here, l is the characteristic length scale for the change in volume fraction, and l5 is the length
scale associated with the change in rh i. If we assume that the BHJ morphology is uniform,
then l can be taken as1 in the bulk, and O(r0) at the edges of the BHJ layer. To approximate
l5 , we rst note that if the space-charge was to be neglected in the bulk, the electric eld
would be linear across the active layer and l5 would be 1. Even with the space-charge, which
distorts the otherwise linear potential to some degree, it is still reasonable to think that the
change in h i and rh i across the active layer occurs over the device length scale O(L);
i.e. r20  L2 in Eq. 4.17. We therefore consider the length scale constraints fullled for the
system under study.
The potential in the -phase is analogous to Eq. 4.16:
r 
264"0"








n  ("0"r )dA =  ehnhi: (4.18)
In typical polymer solar cells, the dielectric constants for the donor and acceptor materials have
similar values, i.e.
"  "; (4.19)
which allows us to invoke the one-equation model [165,168] by letting
h i = h i: (4.20)
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We can therefore introduce the volume-averaged electric potential for both phases, h i, as
h i = h i + h i = h i = h i: (4.21)
By combining Eq. 4.16, Eq. 4.18, and Eq. 4.21, and utilizing the continuity boundary conditions
in Eq. 4.10c-4.10d, we obtain the volume-averaged equation for the potential valid in both
phases:
r 










= e(hnei   hnhi): (4.22)
We further assume that the spatial deviation potentials in both phases are equal,
~ = ~  =
~ ;
whence Eq. 4.22 can be further reduced to





4.2.4 Volume-averaging of charge carrier continuity equations
Following a volume-averaging procedure similar to that for the Poisson equation, we arrive at






















where we have used the spatial decomposition
ne = hnei + ~ne: (4.25)
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The length scale constraints for Eq. 4.24 are given by
l  r0; r20  ll5e; (4.26)
where l5e is the length scale associated with the change in rhnei. In this context, it has been
shown that the average charge carrier concentrations in the bulk of the active layer usually are
several orders of magnitude smaller than the density of states Ncv of the electrode contacts [113].
This large concentration dierence leads to the formation of boundary layers near the electrodes,
which has been observed in bilayer and BHJ solar cell models developed previously [113]. The
value of rhnei in the boundary layers thus changes signicantly over a small length scale
around O(r0) { Eq. 4.24 is therefore not strictly valid. However, as we shall see later, the failure
to comply with Eq. 4.26 in these thin boundary layers does not cause serious inconsistencies
between our spatially-smoothed formulation and the original equations. In the bulk of the active
layer, Eq. 4.26 is likely to be fullled since the change in rhnei should be associated with the
device length scale O(L). However, exceptions may occur in isolated regions of the - and -
phase where charge carriers accumulate as they cannot be extracted. In general, a good BHJ
solar cell should possess phases that are connected with their respective contacts in order to
avoid or minimize \dead" regions, whence we assume that the few isolated regions do not aect
the validity of Eq. 4.26.
Following an analysis similar to Whitaker's [165], the drift transport term can be expressed
as
r  hener i = r  [e(hneirh i+ h~ner~ i)], (4.27)
if we accept the assumption that variations of volume-averaged quantities can be ignored within
the averaging volume. Here, the spatial deviation term h~ner~ i describes a phenomena analogous
to dispersion that arises in convective transport process in porous media [165].
Turning our attention to the net generation term, the right-hand side (RHS) of Eq. 4.24 can





n  JedA = avhA
Z
A
[Pge=h   (1  P )krnhne]dA (4.28)
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We note here that the appearance of av is a direct result from the application of the spatial
averaging theorem. In order to keep the ongoing discussion simple, we assume that P and
ge=h are constant across the active layer so that they can be taken out of the integral. Even
though the generation of electron-hole pairs is, in reality, not constant, its variation is likely to
be characterized by the device length scale L, and therefore to be small within the averaging





Pge=hdA =Pavhge=h = PGe=h;
where Ge=h = avhge=h is introduced as the volumetric e/h pair generation rate of the entire D/A
blend.



















where we have used the spatial decomposition of the hole concentration:
nh = hnhi + ~nh: (4.30)
It is possible to show that the volume-averaged term is approximately invariant under the surface





We shall keep the remaining surface averages in Eq. 4.29 for now and write down the
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Spatial deviation quantities appear in both the transport and recombination terms of Eq. 4.32-
4.33. These quantities are characterized by the small length scale, l and l, and are intimately
dependent on the local morphological details. For the scope of this thesis, we are not interested
in evaluating the spatial deviation quantities explicitly; instead, we introduce eective material
properties with which Eq. 4.32-4.33 can be rewritten as
r  Jeffe = PGe=h   avh(1  P )keffr hnhihnei); (4.34)
r  Jeffh = PGe=h   avh(1  P )keffr hnhihnei); (4.35)
with the eective uxes
Jeffe =  Deffe  rhnei + effe  (hneirh i); (4.36)
Jeffh =  Deffh  rhnhi   effh  (hnhirh i): (4.37)
In writing Eq. 4.34-4.35, we have recovered the form of the charge-carrier continuity equations
developed by Koster et al. [113] (see below for a more detailed comparison). In particular,
we have lumped the eects of spatial deviation quantities, ~ne, ~ , and ~nh, into the eective
diusion coecients Deffe;h , the eective electron mobilities, 
eff
e;h , and the eective bimolecular
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recombination constant keffr .
We consider Eq. 4.23, 4.34-4.35 to be the nal form of the governing equations for the
intrinsic volume-averaged variables rhnei, rhnhi and h i. These can be rewritten for the
corresponding supercial variables as well, but we emphasise here that the appearance of ;
and av in the formulation is inherent to the volume-averaging procedure, and is not aected by
our particular choice of volume average or the assumptions we made during the derivation. The
boundary conditions for the spatially-smoothed formulation can be obtained by replacing the
point variables ne, nh,   and   with the volume-averaged quantities hnhi, hnhi, and h i in
Eq. 4.10e-4.10g, and Eq. 4.11f-4.11h.
4.2.5 Comparison with existing formulation
In the existing eective-medium formulation for organic BHJ solar cells, developed by Koster
et al. [113], the governing equations for electric potential and charge carrier continuity read as
follows:
r  ("0"r ) = e (ne   nh) ; (4.38)
r  Je = PGe=h   (1  P )krnhne; (4.39)
r  Jh = PGe=h   (1  P )krnhne; : (4.40)
with the uxes
Je =  Derne + ener ; (4.41)
Jh =  Dhrnh   hnhr :
Although similar in form to Eq. 4.23, 4.34, 4.35, it is clear that Koster's formulation does not
distinguish between point-wise and volume-averaged variables. By comparing Eq. 4.23 with Eq.
4.38, we nd that the electron and hole concentrations in Koster model correspond to supercial
volume-averages, and that the dielectric constant of the blend in Koster's model, ";is the volume
average of the dielectric constants of donor and acceptor materials. Similarly, the electron and
hole concentrations in Eq. 4.39-4.40 correspond to intrinsic volume-averages of the point-wise
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variables and the mobilities and diusion coecients are eective properties.
One distinctive dierence between the spatially-smoothed model and Koster's model is the
appearance of a prefactor, avh; in front of the Langevin bimolecular recombination constant on
the right-hand-side of Eqs. 4.34-4.35. The product of the specic interfacial area, av (typically
on the order of 107-108 m 1), and the interfacial length scale, h (typically on the order of
10 9 m1), describes the fraction of the blend volume adjacent to the D/A interfaces where
bimolecular recombination could take place. This prefactor is on the order of 10 1-10 2, which
agrees with the widely observed phenomenon of a reduced bimolecular recombination rate with
respect to the Langevin rate in organic BHJ solar cells [62,67,63,66,65]. Therefore, the spatially-
smoothed model provides an intuitive morphological explanation to the reduction in bimolecular
recombination rate based on the fact that the bimolecular recombination does not take place
everywhere: only close to the D/A interfaces contained within the photoactive blend.
In summary, our spatially-smoothed formulation is thus consistent with the existing eective-
medium model by Koster et al., albeit with more information pertaining to the underlying
morphology.
4.3 Numerical implementation
If we assume the eective material properties to be uniform as a rst approximation and to keep
the discussion reasonably simple, the spatially-smoothed formulation can be reduced to 1D when
no-ux and insulation conditions are applied in the y- and z- directions. The spatially-smoothed
model, Eqs. 4.23, 4.34, 4.35, was therefore implemented numerically in 1D. In addition, we
solved two-phase models in 2D with simple donor/acceptor morphologies (see Figure 4.3) for
numerical comparison purposes. Both mathematical models were solved with the commercial
nite-element solver Comsol Multiphysics 3.5a [148].
4.4 Calibration and validation
As a rst indication of the model's validity, we calibrate and validate the spatially-smoothed
model with current-voltage measurements from organic BHJ solar cells.
In short, the model, consisting of the governing equations, Eq. 4.23, 4.34, 4.35, and the
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Figure 4.2: Simulated (lines) and measured (symbols) current densities for organic BHJ solar
cells under AM1.5 solar spectrum: the training set with an illumination intensity of 1 sun (N),
and test sets with intensities of 0.55 sun () and 0.75 sun ().
relevant boundary conditions and constitutive relations, contains numerous physical parameters.




r { are dependent on the composition
and morphology of the active layer, they need to be determined from calibration (or derived
from two-phase models that resolve the detailed morphologies with relevant length scales down
to l;). To reduce the number of adjustable parameters, we assume that the following form of





where kB is the Boltzmann constant. (N.B.: the parameters are treated as scalars since we
assume uniform properties here.)
In addition to the eective material properties, we also calibrate the dissociation probability
of charge-transfer states P , which is described with the Onsager theory through additional
phenomenological parameters [40] in Koster's model [113], and the volumetric generation rate
of e/h pairs across D/A interfaces, ge=h, which is assumed to be a constant both here and in
Koster's model. The rest of the parameters employed for simulations are summarized in Table
3.
Calibration and validation were carried out with the method and experimental data presented
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in Chapter 2, where the training set was given by the current-voltage measurement for BHJ solar
cells under 1 sun illumination, and the test sets were taken to be the measurements for the same
cells under 0.55 sun and 0.75 sun illuminations respectively. The results, depicted in Figure 4.2,
show good agreement between experimental data and model predictions for all three illumination
conditions.
On a nal note: a more thorough validation would require either detailed information of the
local morphology throughout the active layer or a series of experiments in which the morphology
and parameters such as volume fraction and eective interface areas are varied systematically
during the fabrication process, which we do not pursue here.
4.5 Eective material properties for a perfect blend
Two important morphological parameters have emerged during the derivation of the spatially-
smoothed formulation, which we shall study more closely: the specic interfacial area, av, and
the volume fractions  and . If one considers a \perfect" blend morphology where percolation
paths for charge carrier transport are straight, it is intuitive to think that these parameters are
the only signicant morphological descriptors. Such a morphology is shown in Figure 4.3, which
consists of interdigitated \channels" of donor and acceptor materials. We therefore assume the
spatial deviation quantities in Eqs. 4.32-4.33 are negligible for such regular structures, which
leads to the following simple relations:
Deffe = De, D
eff
h = Dh, 
eff
e = e; 
eff
h = h, k
eff
r = kr: (4.43)
To assess the validity of the functional form of these relations, we compare the current-voltage
characteristics produced by the two-phase model and the corresponding spatially-smoothed
model whilst varying  and av. In the morphology shown in Figure 4.3, av can be controlled by
changing the channel width (l + l), whereas  and  are tunable through the ratio between
l and l. In addition, because the morphology is periodic, we only need to select a symmetri-
cal unit cell as the computational domain for the two-phase model, as illustrated in Figure 4.3
Model parameters applied for the numerical comparisons are listed in Table 3.
The comparisons in Figure 4.4 demonstrate that current-voltage behaviors of the two-phase
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Figure 4.3: A perfect blend morphology formed by interdigetated layers of donor and acceptor
materials. The values of av and  for this structure can be tuned through l and l.
model are well captured by the spatially-smoothed model for dierent values of av and ,
thereby conrming the assumption described with Eq. 4.43. Note that according to Figure
4.4b, varying the volume fractions of donor and acceptor materials seems to have little impact
on the solar cell performance. This observation, however, is likely due to our assumption of a
constant ge=h. If exciton transport was considered in this model, the material volume fractions
would have an impact on the value of ge=h and Ge=h, which in turn would inuence the current-
voltage characteristics. We shall consider the eects of morphology and exciton transport on
the volumetric e/h pair generation rate in more detail in the next chapter.
To see how well the spatially-smoothed model captures the local behaviors of the two-phase
model, we further compare the model predictions for charge carrier concentrations proles across
the active layer. For this purpose, we need to select a representative averaging volume for the
two-phase model, which for the simple, periodic structure that we are working with, does not
need to be larger than the rectangular region indicated in Figure 4.3. Here, we choose l and
l both to be 10 nm, and the length of the averaging volume, r0, to be 20 nm. The results
of the numerical comparison, as depicted in Figure 4.5, demonstrate good overall agreement
between the two models. We do note, however, that the deviations between the simulated charge
carrier concentrations are more noticeable close to the electrode contacts. This observation is
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Figure 4.4: (a) Current densities produced by spatially-smoothed (lines) and two-phase (sym-
bols) models with av of 1:25  108 (4), 1:00  108 () and 0:83  108 m 1(). (b) Current
densities produced by spatially-smoothed models (lines) and two-phase (symbols) models with
 of 0:2 () and 0:5 ().





















Figure 4.5: Electron concentrations at open-circuit () and short circuit (), as well as hole
concentrations at open-circuit () and short-circuit (4), produced by the two-phase model.
The corresponding results produced by the spatially-smoothed model are shown with solid (for
electrons) and dashed (for holes) lines.
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not surprising, considering that the length scale constraint Eq. 4.26, as we have previously
discussed, is not strictly valid near to the electrodes due to the existence of boundary layers.
4.6 Summary
We have considered a spatially-smoothed model for organic BHJ solar cells based on volume-
averaging of a two-phase model for charge carrier concentrations and the electric potential.
Our derivation indicates that the point-wise variables employed in the existing eective-medium
models should, in fact, be volume-averaged quantities.
Compared to existing eective-medium models { which do not explicitly provide any mor-
phological information { our spatially-smoothed model captures the inuence of two critical
morphological descriptors: the specic interfacial area, and the volume fractions of donor and
acceptor materials. The spatially-smoothed model also reveals the origin of the bimolecular
recombination pre-factor based on eects of the specic interfacial area on the bimolecular re-
combination rate. In addition, eective transport properties have been introduced and given a
functional form for the case of a \perfect" interpenetrated blend structure, for which the eec-
tive electron and hole mobility and diusion coecient of a phase are directly proportional to
its volume fraction, and for which the net generation rate of free carriers is proportional to the
internal surface-to-volume ratio. For a non-ideal blend, one could implement a two-phase model
with an exact replication of the morphology from, for example, experimental visualization to
elucidate the functional form of the eective transport properties.
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Table 3. Parameters for the spatially-smoothed model
Common parameters Values References
" 3:5 [39]
" 3:0 [163]
h 2 nm stipulated
Ncv 2:5 1025 m 3 [113]
T 303 K -




r 7:7 10 12 m3s 1 tted
 0:2 -
Ge=h 8:3 1027 m 3s 1 tted
L 100 nm -
effe 1:6 10 7 m2 V 1 s 1 tted
effh 1:0 10 7 m2 V 1 s 1 tted
P 0:79 tted
Numerical comparison
av 1:25 108, 1:00 108, 0:83 108 m 1 stipulated
a 0:2, 0:5 stipulated
ge=h 1:4 1028 m 3s 1 stipulated
L 200 nm stipulated
e 2:0 10 7 m2 V 1 s 1 stipulated
h 2:0 10 8 m2 V 1 s 1 stipulated
P 0:8 stipulated
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4.7 Appendix: Derivation of Eq. 4.31
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r20  lelh; r20  l5ele, and r20  lhl5h; (4.48)
where l5h is the length scale associated with the change in rhnhi:The arguments to support
Eq. 4.48 are similar to ones invoked for the validity of Eq. 4.26. Therefore the RHS of Eq .4.44
is dominated just by hneihnhi.
Chapter 5
A Closed-form expression for the
interfacial charge carrier generation
rate
5.1 Introduction
In the last chapter we have derived the spatially-smoothed form of the charge carrier continuity
equations as well as the Poisson equation. The spatial-smoothing procedures, however, are
not applicable to the exciton diusion equation, since exciton transport only occurs within
the domain length scale, l, which is much smaller than the size required for a representative
averaging volume, r0. As a result, just like other existing eective-medium models, the spatially-
smoothed device model currently does not capture the eects of the D/A morphology on exciton
transport.
In view of the lack of a simple, eective model to describe the eects of the D/A morphol-
ogy on exciton transport and dissociation { especially for the eective-medium models { this
study aims to develop closed-form analytical expressions to relate the interfacial exciton ux
and the volumetric generation rate of interfacial e/h pairs with continuum-level morphological
characteristics of a D/A blend. Our derivation is based on length scale arguments such that
we do not require detailed morphological information of the D/A blend, but only the specic
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interfacial area and the blending ratio between the donor and acceptor materials, both of which
were identied as important morphological parameters in Chapter 4. To ensure the delity of
these expressions, we compare our analytical results with detailed two-phase simulations based
on randomly generated 3D D/A morphologies. In addition, by examining the simple mathemat-
ical form of our analytical expressions, we demonstrate the relative importance of morphological
characteristics and exciton transport parameters on the free charge carrier generation rate.
The closed-form analytical expressions can be conveniently incorporated into existing eective-
medium models - including our spatially-smoothed model, allowing them to capture the eects
of exciton transport and morphology on the interfacial charge carrier generation rate.
5.2 Analysis
This section presents the derivation of closed-form expressions for the volumetric generation rate
of interfacial e/h pairs, Ge=h, in organic BHJ solar cells. We rst develop the functional forms
Ge=h, which will then be solved analytically with a length-scale-based approximation method.
5.2.1 Functional forms
In existing eective-medium models, the volumetric generation rate of interfacial e/h pairs,
Ge=h, is either taken to be the same as the exciton generation rate [128], or is simply treated as
a tting constant [113]. Since Ge=h is the result of excitons arriving at D/A interfaces, the total
generation rate of e/h pairs over an interfacial area, A, can be obtained by integrating the
exciton ux, Jex, over A. The exciton ux is described by diusion on the continuum-level,
which can be written as
Jex =  Dexrnex; (5.1)
where nex is the exciton concentration andDex is the exciton diusion coecient. The volumetric
generation rate of interfacial e/h pairs within a D/A blend with volume V and internal interfacial
area A is therefore:
Ge=h =
total interfacial e/h pair generation rate






Jex  ndA; (5.2)
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where n represents the unit normal vector pointing towards the acceptor phase from D/A






Jex  ndA = avJavgex ; (5.3)
in which Javgex is the average magnitude of exciton ux at D/A interfaces, and av is the specic






Jex  ndA; av = AV : (5.4)
Finally, in order to characterize the eciency of exciton transport towards D/A interfaces in a
certain D/A morphology, we introduce ex as:
ex =
total interfacial e/h pair generation rate







where Gex is the exciton generation rate in the donor material (assumed to be uniform), and 




This denition of ex measures the fraction of excitons that are able to reach D/A interfaces at
steady-state.
Now, since it is possible to derive av of a D/A blend approximately from either small-angle
neutron scattering (SANS) experiment [169] or electron tomography [77,99,100], and to calculate
 based on the blending ratio of the donor and acceptor materials, we only need to nd J
avg
ex in
order to obtain Ge=h and ex based on Eq. 5.3 and 5.5. The conventional way to do so is through
a detailed two-phase simulation, which solves the exciton transport equations numerically for a
3D representation of the donor-phase structure, and subsequently evaluates the surface integral
involving Jex in Eq. 5.4. As introduced in Chapter 2, the exciton transport equations to be
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solved with this method have the following form:
r  Jex = Gex   nex
 ex
; (5.7a)
nex = 0 at all bounding surfaces, (5.7b)
where  ex is the exciton lifetime. Note that while the boundary condition Eq. 5.7b implies
that excitons are quenched at both the D/A interfaces and the donor/electrode interfaces, only
the exciton ux at the D/A interfaces should be counted in calculating ex [100]. This detailed
approach for evaluating Javgex brings with it two major drawbacks, however, because the structural
details of the donor material are not readily available, and the computational complexity involved
in solving Eq. 5.7a- 5.7b for intricate donor-phase morphologies defeats the purpose of eective-
medium modeling. Instead, we shall employ scaling arguments and analytical solutions to secure
approximate closed-form expressions, and only retain the detailed numerical approach as a means
to verify our ndings.
5.2.2 Closed-form expressions
As discussed in the previous section, we seek to approximate the average exciton ux towards
D/A interfaces without having to resolve the structural details of the D/A blend. For this
purpose, we rst postulate that Javgex is only dependent on the characteristic length scale of the
donor phase, and then estimate this length scale based on an equivalent-cylinder approach.
The donor (and also acceptor) phase of a D/A blend is often represented by the worm-like
structures shown in Figure 5.1a. Such structures demonstrate the main features of an organic
BHJ: free charge carriers can travel along the worm-like tunnels at a length scale of O(100 nm)
until reaching the electrodes at the ends, whereas excitons only need to travel across the tunnels
at a length scale of O(10 nm) to encounter with D/A interfaces. We shall in the coming analysis
denote the length scale along and across the tunnels as L and w respectively.
Exciton transport is a diusive process driven only by the concentration gradient, whence
the exciton ux is always towards the nearest interface where the exciton concentration is zero
(or near-to zero). Further, let J tex and J
n
ex represent the magnitudes of exciton uxes in the
longitudinal (t) and the transverse (n) directions respectively as illustrated in Figure 5.1a; now
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Figure 5.1: Illustration for the worm-like structures of donor phases in a D/A blend. The Ro-
man numerals highlight some representative morphological features. (a) On a representative
percolation pathway SS' through the donor phase, the direction of exciton transport can be
conceptually decomposed into two orthogonal components: the longitudinal direction t charac-
terized by a length scale that is on the same order as the blend thickness L, and the transverse
direction n governed by the donor domain size w. (b) wavg can be dened as the diameter of an
equivalent cylinder who has the same volume and circumferential area as the donor structure.
(c) Javgex can be solved from exciton transport equations in the radial direction of a rotundity
with radius wavg =2.
since









where [nex] represents a typical scale for exciton concentration. In essence, Eq. 5.9 indicates
that exciton ux is at leading order only dependent on the transverse length scale w, which
we shall henceforth refer to as the donor domain size. The degree to which these worm-like
structures are tortuous and convoluted over the length scale, L, on the other hand, has little
inuence on the magnitude of exciton ux.
Returning to the problem of approximating Javgex , we argue that as long as the D/A blend is
reasonably homogeneous { that is, the order of magnitude of the domain size remains constant
throughout the blend (w  10 nm) { we can deduce from the preceding arguments that the




concept of the average domain size was also introduced by Ray et al. [107, 108], but it was
not dened mathematically. Futhermore, the morphology can be simplied by invoking the
concept of equivalent spheres or cylinders. These are often employed in the study of transport
phenomena, where the characteristic size of irregular geometries is represented by the diameter
of an equivalent sphere or cylinder [170,171,172]. Here, we shall dene the average donor domain
size based on such an intuitive equivalent-cylinder approach: First, we take the slender, worm-
like donor structure as indicated by region I of Figure 5.1a and average out the dimensions of its
irregularly-shaped cross-sections whilst keeping its volume and circumferential area constant,
such that the original irregularly-shaped structure transforms into a similarly-sized cylinder;
second, we assign the diameter of this equivalent cylinder to be the average donor domain size.
In an actual D/A blend, the donor-phase structures are likely to contain intersections (see region
II in Figure 5.1a), dead ends (region III in Figure 5.1a), and other structural irregularities that
are not cylinder-like in nature. Nevertheless, we shall assume that the thin, worm-like structure
shown in section I of Figure 5.1a represents the dominant morphological feature of the donor
phase in a typical BHJ morphology, and that our denition for wavg can be extended to the
entire D/A blend. This simple, intuitive denition for wavg is likely to work because J
avg
ex
depends mainly on the length scale, and not so much on the shape of the donor phase. Based
on our denition for a BHJ layer with donor-phase volume, V; and D/A interfacial area, A,












i.e. the average donor domain size is four times the ratio of the donor volume and the D/A
interfacial area. The reader may recognize that Eq. 5.11 is similar in form to the denition of
the hydraulic diameter dened for ow in non-circular tubes, which is also four times the ratio
between relevant dimensions [171]. We prefer to write Eq. 5.11 in a form that does not depend
on the size of the system under study, so we divide both the numerator and the denominator by
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Note that both  and av appear in our analytical form of ex in Eq. 5.5.
With the average donor domain size, wavg ; dened explicitly in Eq. 5.12, we can solve for
Javgex . Before doing so, let us reiterate that we have transformed the original problem of solving
Javgex in a complex, irregular 3D BHJ morphology into solving it in an equivalent cylinder with
the diameter, wavg ; as shown in Figure 5.1b. Further, since the eective exciton ux is only in
























This system of equations describes a diusion and reaction process in cylindrical coordinates, in












where Io and I1 are the zeroth- and rst-order modied Bessel functions of the rst kind [173],


















































Figure 5.2: Comparison between Javgex evaluated from the analytical expression (solid line) and
that calculated from the series expansion up to the rst term (dash-dot line), up to the second
term (dash line), and up to the fourth term (dot line). The diusion length of excitons is
assumed to be 8 nm.
As this is an approximation of the original analytical solution, we need to determine its accuracy.
In Figure 5.2, we thus illustrate the original Javgex given by Eq. 5.14, as well as its Maclaurin series
expansion up to the rst, second, and fourth terms. Here, several features are apparent: First
and foremost is that Javgex approximated by only the rst term of Eq. 5.16 completely neglects
the decay of excitons (described by Lex). The J
avg
ex approximated with the rst two terms of the
Taylor expansion starts to deviate from the analytical values for wavg & 15 nm. With the rst
four terms of Eq. 5.16, however, the Taylor expansion is still a good approximation for Eq. 5.14
for wavg as large as 25 nm with a maximum relative error of 3%. Now, since the typical donor
domain size should be well below 25 nm for a BHJ solar cell, we consider the rst four terms of
Eq. 5.16 to be the nal form of Javgex in our study.
Finally, based on Eq. 5.3, 5.12 and 5.16, the volumetric generation rate of interfacial e/h
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With Eq. 5.17 and Eq. 5.18, we have completed the derivation of Ge=h and ex.
5.3 Verication and discussion
We have thus far secured closed-form approximate expressions for ex and Ge=h by invoking
length scale arguments and an eective-cylinder approximation in the derivation. In order to
verify the validity of these, we will compare the predictions by Eq. 5.3 and 5.5 with detailed
two-phase exciton transport simulations which solve Eq. 5.7a- 5.7b in representative 3D donor
structures. For this purpose, we construct random two-phase morphologies that qualitatively
resemble actual organic D/A blends based on the phase-eld method described in Chapter 2.
Here, we note that a typical D/A blend generated with this method, as depicted in Figure
2.4, generally contains more structural irregularities, such as intersections and dead ends, than
the worm-like structures illustrated in Figure 5.2a. In other words, even though the worm-like
structures we have utilized for elucidating the derivations of Javgex may look somewhat idealized,
our verication employs randomized morphologies derived from phase-eld modeling without
additional idealization. The numerical models for exciton transport are solved with the com-
mercial nite-element solver Comsol Multiphysics 3.5a [148]; and the physical and morphological
parameters are summarized in Table 4.
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Table 4. Parameters for the exciton transport model
Parameter Values
Dex 2:0 10 7 m2s 1
Gex 8:0 1027 m3s 1
 ex 3:2 10 10 s
 of 5 D/A blends 0.324, 0.367, 0.395, 0.4272,
0.554
wavg of 5 D/A blends 9.4 nm, 13.1 nm, 15.1 nm,
17.8 nm, 22.3 nm
In Figure 5.3a-b, we compare the values of Ge=h and ex obtained analytically from Eq.
5.17-5.18 with those calculated numerically. Overall, good agreement is found for randomly
generated morphologies with dierent wavg and  with a maximum relative error of 3% for the
cases considered here. We note that the random 3D morphologies we have employed for the
verication are derived from a phenomenological phase-eld approach, and therefore may not be
very accurate representations of real D/A blends. Nevertheless, the fact that these expressions
are valid for structures that inherently encompass randomness should imply that our results are
generic.
A nal note on the validation practice: Even though our analytical expressions have been
veried against well established numerical models for exciton transport in 3D morphologies
[136,107,100], further validation based on experimental characterizations is still highly desirable
to ensure their delity. For this purpose, one could rst fabricate a series of organic BHJ solar
cells with dierent values of  and av by varying the D/A blending ratio and the annealing time.
One could then approximate their ex from photoluminescence quenching experiment [174,175],
their av from SANS measurement [169], and their  based on the blending ratio and density of
the donor and acceptor materials. Finally, one could assess whether the relations between the
measured ex,  and av are described well with Eq. 5.18.
With the validity of Eq. 5.17-5.18 established to a reasonable extent, we shall analyze the
intrinsic behaviors of Ge=h and ex by taking a closer look at their mathematical forms. As a rst
observation, it is evident that the rst and dominant term of Eq. 5.17 represents the upper limit
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Figure 5.3: (a) Comparison between Ge=h calculated based on Eq. 17 () and that obtained from
3D numerical simulations () for dierent , (b) Comparison between ex calculated based on
Eq. 17 (line) and that calculated from 3D numerical simulations () for dierent wavg:The
physical parameters employed for the calculations are listed in Table 4.
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Figure 5.4: Volumetric e/h pair generation rate as a function of specic interfacial area for donor
volume fractions of 0:5 (solid line), 0:6 (dash line), and 0:7 (dot line).
of Ge=h obtainable without exciton decay since it does not contain Lex, and that the remaining
terms account for the recombination loss of excitons. Furthermore, since the only morphological
parameter in the rst term is , and its appearance in the remaining terms is raised to the
highest order, the donor volume fraction should be the most inuential factor for e/h pair
generation rate. This is clearly demonstrated in Figure 5.4, from which we can infer that Ge=h
rises almost proportionally with , but its increment is limited and sublinear with increasing
specic interfacial area, av. Further, since Lex and av both appear in the denominators of the
second and third terms of Eq. 5.18 and are raised to the same order, increasing the exciton
diusion length should have the same eect on ex as increasing the specic interfacial area.
The dependence of ex on the exciton diusion length is depicted in Figure 5.5. Here, it is
clear that while ex benets from larger exciton diusion lengths, the gain is far more signicant
for morphologies with larger donor-phase domain sizes. In fact, for a typical donor domain size
of 10 nm, increasing the exciton diusion length from 6 nm to 12 nm only leads to a 5:5% gain
in ex. The same improvement over ex can also be achieved, according to Eq. 5.18, by doubling
the specic interfacial area av while keeping  constant. We also notice from Figure 5.5 that,
based on a typical Lex of 8 nm, ex remains at around 90% for w
avg
 magnitudes as large as 16
nm. We can therefore consider the exciton decay loss not to be a performance limiting factor
5.4. Conclusions 79












Figure 5.5: The fraction of excitons that could reach D/A interfaces as a function of average
donor domain size for exciton diusion lengths of 6 nm (solid line), 8 nm (dash line), 10 nm
(dot line), and 12 nm (dash-dot line).
for donor domain sizes smaller than two times of the exciton diusion length.
5.4 Conclusions
We have demonstrated through scaling arguments that exciton transport in organic BHJ solar
cells is mainly aected by two morphological characteristics: the specic interfacial area, av, and
the donor volume fraction, . It is therefore possible to correlate the interfacial exciton ux and
e/h pair generation rate with av and  through simple closed-form expressions. The delity
of these expressions was conrmed by numerical simulations based on randomly generated 3D
D/A morphologies. Our results suggest that Ge=h is largely dependent on the donor volume
fraction, whereas ex is aected, in equal measures, by the donor volume fraction, the specic
interfacial area, and the exciton diusion length.
Finally, we note that av and  - the two morphological characteristics that are found de-
termine Ge=h - were also identied in Chapter 4 as intrinsic morphological descriptors that
directly correlate with the eective free charge carrier transport and recombination properties
of the D/A blend. In the following chapters, we shall incorporate the analytical expression of
Ge=h into the spatially-smoothed device model to elucidate some interesting structure-property
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relations involving av and .
Chapter 6
Modeling the structure-property
relations in pillar-structured organic
solar cells
6.1 Introduction
The compromise between the competing needs for charge carrier generation and extraction
in disordered D/A morphologies represents a key performance-limiting factor for organic BHJ
solar cells [109]. Recently, organic solar cells with ordered morphologies in the form of vertical,
interpenetrating donor- and acceptor-pillars have been demonstrated with various fabrication
techniques, such as oblique/glancing angle deposition [176,177], nanoimprint lithography [95,96],
and template-assisted synthesis [178,98,97]. Such pillar structures with dierent cross-sectional
patterns, as illustrated in Figure 6.1, satisfy the morphological requirements for both ecient
free charge carrier generation and extraction as they provide short and direct pathways for free
charge carrier transport while still maintaining feature sizes as small as 20 nm [176] to ensure
ecient exciton dissociation at D/A interfaces.
Numerous modeling studies [136, 179, 139, 137, 107, 180, 138] have suggested that donor and
acceptor pillars perpendicular to the electrodes with a feature size of around 10 nm may repre-
sent the optimal photoactive layer morphology for organic BHJ solar cells. The majority of the
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Figure 6.1: Schematics of pillar-structured donor/acceptor solar cells: (a) n-shaped interpene-
trating pillars; (b) square-shaped interpenetrating pillars; (c) randomly-shaped interpenetrating
donor- and acceptor-pillars. All donor and acceptor pillars are assumed to be perpendicular to
the electrode contacts.
computational studies employ the two-phase drift-diusion approach, which considers the sep-
aration and recombination of charge carriers at D/A interfaces, and solves transport equations
for electrons, holes and excitons based on the drift and diusion of charge carriers in the donor
and acceptor materials. In order to nd the optimal pillar structure, the existing computational
method involves implementing the two-phase device model for certain periodic pillar structures,
such as an array of interpenetrating ns (see Figure 6.1a), and subsequently changing their di-
mensions systematically until a maximum model-predicted eciency is found [180]. While this
approach is able to capture the morphological eects of certain pillar-structure designs through
the computational domain geometry, it does not provide a set of general structure-property rela-
tions that applies to all pillar-type D/A morphologies. As a result, separate modeling studies are
required for pillars structures with dierent cross-sectional patterns. Even when limited to the
study of one particular design of pillar-structure, the repeated implementations and computa-
tions of the 3D two-phase device models required for studying structures with varying dimensions
are time consuming.
In this chapter, we establish an ecient computational framework that captures the inher-
ent relations between the morphological features and the photovoltaic properties of the pillar-
structured organic solar cells in the form of simple mathematical expressions. Our method
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is based on the analytical model for exciton transport derived in Chapter 5 as well as the
spatially-smoothed device model for free charge carrier transport derived in Chapter 4, which
together capture the eects of two essential morphological features: the specic D/A interfacial
area and the D/A volume fractions. Through verication with 3D two-phase device models
with randomly-shaped pillar structures, we show that the performance of the vertical, pillar-
structured organic solar cells is determined at leading order only by these two morphological
features. Our ndings allow pillar structures with any cross-sectional patterns to be quickly char-
acterized and thus optimized within a one-dimensional, eective-medium modeling framework,
which we demonstrate in the context of practical designs of ecient D/A pillar structures.
6.2 The spatially-smoothed device model
Let us re-examine the spatially-smoothed model formulation, which could now incorporate the
analytical expression for the volumetric e/h pair generation rate, Ge=h, derived in Chapter 5. For
convenience, we shall drop the angle-brackets notation for volume-averaged quantities, but ne,
nh, and  should be interpreted as the intrinsic volume-average of the electron concentration,
the hole concentration, and the electric potential, respectively. The governing equations of the
model comprise the charge carrier continuity equations and the Poisson equation:
r  jeffe = PGe=h   avh(1  P )keffr nhne; (6.1)
r  jeffh = PGe=h   avh(1  P )keffr nhne; (6.2)
r  ("0(" + ")  r ) = e (ne   nh) ; (6.3)
with the eective uxes
jeffe = 
eff
e ner  Deffe  rne; (6.4)
jeffh =  effh nhr  Deffh  rnh: (6.5)
Here, av is the specic D/A interfacial area, P is the dissociation probability of interfacial e/h
pairs [113], keffr is the eective Langevin bimolecular recombination constant, h is the interfacial
length scale introduced in Chapter 2, "0 is the permittivity of free space, "; and ; are the
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dielectric constant and the volume fraction of acceptor/donor, e is the elementary charge, and
Deffe;h and 
eff
e;h are the eective diusion coecient and the eective mobility of electrons/holes
respectively. Among these expressions, the specic interfacial area, av, the interfacial lengths
scale, h, and the volumetric e/h pair generation rate, Ge=h, do not appear in conventional
eective-medium models but arise naturally during the spatial-smoothing process. A closed-











where Gex is the exciton generation rate in the donor, Lex is the exciton diusion length, I0 and
I1 are the zeroth- and rst-order modied Bessel functions of the rst kind [173], and w
avg
 is





The boundary conditions at the negative, z = 0, and positive contacts, z = L (See Figure
6.1), follow the typical formulation for Ohmic contact:









; nh(L) = Ncv; (6.9)
where Vb is the buit-in potential (we assume eVb equals to the eective band gap here), Ncv is the
eective density of states at both positive and negative contacts, kB ist the Boltzmann consant,
and T is temperature. We assume the boundaries in the x- and y-directions are insulated, so
that the following boundary conditions apply:
ex  r = ey  r = 0; (6.10)
ex  jeffe = ex  jeffh = 0; ey  jeffe = ey  jeffh = 0: (6.11)
The homogenous nature of the spatially-smoothed formulation, combined with the insulation
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boundary conditions described above, imply that both the electric eld and the gradients of
charge carrier concentrations are in leading order only along the z-direction. Consequently, the










here, De;h and e;h are the diusion coecient and the mobility of electrons/holes in the pure
(other than blended) donor and acceptor materials respectively.
6.3 Structure-property relations for pillar-structured organic
solar cells
For the case of a periodic pillar structure in the form of interpenetrating ns (see Figure 6.1a),
we have shown in Chapter 4 that the eective transport parameters have the following form:
Deffe = De, D
eff
h = Dh, 
eff
e = e; 
eff
h = h; k
eff
r = kr; (6.14)
i.e., the eective transport parameters for electrons and holes are proportional to the volume
fractions of the acceptor and donor materials respectively. For general pillar-type structures,
since the charge carrier uxes are in leading order along the pillar channels in the z-direction, the
cross-sectional shapes of the pillars should have little inuence on the charge carrier transport.
We therefore postulate that the simple relations in Eq. 6.14 can be generalized to vertical donor-
and acceptor-pillars of any cross-sectional pattern, as long as the donor and acceptor phases are
homogeneously mixed with their cross-sectional length scales much smaller than the photoactive
layer thickness.
In order to verify this postulate, we proceed by comparing the model predictions from the
1D spatially-smoothed model (Eq. 6.14) and from the two-phase device model that considers
3D morphological details of the pillar structures. For this purpose, we have constructed D/A
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Figure 6.2: Interpenetrating donor- and acceptor-pillars with random cross-sectional patterns
and =av values of 2:4 nm (a), 4 nm (b), 5 nm (c), and 7 nm (d). The dimension L for the
D/A blends is 100 nm.
pillars with random cross-sectional morphologies and feature sizes as illustrated in Figure 6.2.
The two-phase device model utilizes the same physical parameters as the spatially-smoothed
model; these parameters are summarized in Table 5. We note that the exciton generation rate
in donor, Gex, should in reality be a spatially varying quantity that can be calculated with optical
simulations, for example, based on Maxwell equations [137, 180, 131] or the simplied transfer
matrix method [128,154]. Since our focus here is on the electrical properties of the blend (Deffe;h ,
effe;h ), we make the simplifying assumption that Gex can be taken as a constant, whose value
is approximated based on the absorption of a 100 nm thick P3HT lm under 1000W/m2 light
intensity and AM 1.5 solar spectrum. The morphological parameters for the spatially-smoothed
model,  and av, were calculated from the pillar geometries employed in the corresponding
two-phase model; their values are also listed in Table 5. Both the 3D two-phase model and
the 1D spatially-smoothed model were implemented and solved with the nite element solver
comsol multiphysics 4.3b [148]. The accuracy of all simulations was ensured by repeating
the results with smaller mesh size and relative tolerance to ensure mesh-independent solutions.
With 8 CPUs clocked at 3.0 GHz, the 1D model required around 10 seconds to generate a
current-voltage curve consisting of thirty current-density evaluations, whereas the 3D model
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Figure 6.3: Current-voltage characteristics simulated from 3D two-phase device models for ran-
dom pillar structures with =av values of 2:4 nm (5), 4 nm (), 5 nm (), and 7 nm ().
The lines represent the results simulated based on the corresponding spatially-smoothed device
models. The model parameters employed for the simulations are listed in Table 5.
took approximately 20 hours to produce the same results.
The comparison shown in Figure 6.3 shows good agreement between the current-voltage
characteristics produced by the 3D two-phase device model and those simulated with the corre-
sponding spatially-smoothed device model. This conrms our earlier postulate that the simple
morphology-property relations described in Eq. 6.14 can be applied to vertical pillar structures
with dierent sizes and shapes. In fact, Eq. 6.14 may be regarded as the characteristics for
\ideal" D/A pillar-shaped morphologies. An important implication of the generalization of Eq.
6.14 is the fact that the performance of these pillar-type morphologies is determined only by the
specic interfacial area, av, and the D/A volume fractions,  and . Therefore, in the design
and fabrication of pillar-structured organic solar cells, priority should be given to ensuring that
the pillar structures possess the optimal orientation, D/A volume ratio, and specic interfacial
area, instead of particularly shaped and ordered cross-sectional patterns.
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6.4 Optimization of the morphological parameters of pillar struc-
tures
A key advantage of the spatially-smoothed model is that it captures physical phenomena related
to the morphology mathematically through the governing equations instead of geometrically
through its computational domain structures (which is the case for the 3D two-phase model).
This, coupled with the fact that the spatially-smoothed models only take seconds to solve, allows
for fast optimization of the essential morphological parameters , , and av. The optimizations
were carried out by solving a nonlinear minimization problem which searches for the parameters
av and  that best t the expression
max jPmax(av; )j ; (6.15)
and
Pmax = VmpI(av; ); (6.16)
here, Pmax is the power density at the maximum power point corresponding to Va = Vmp,
and I is the model-predicted current density at Vmp. We employed matlab R2010a's genetic-
algorithm-based minimization function, ga [153], to minimize the objective function Eq. 6.15
for the following parameter ranges:
2 107 m 1  av  8 108 m 1; 0:02    0:8. (6.17)
At each iteration of the minimization process, the matlab function calls the comsol solver to
evaluate Eq. 6.15 based on the spatially-smoothed device model. Model parameters employed
for the optimizations are listed in Table 5.
The maximum value of Pmax was found to be 44:8 Wm
 2 obtained at av = 2:4  108 m 1
and  = 0:14. To see how Pmax behaves around this optimum point, we have generated a
power-density map through parametric sweeps of av and . As illustrated in Figure 6.4, Pmax
remains within approximately 5% dierence from its optimum value for av that ranges from
1:8 108 m 1 to 3:4 108 m 1 and  that ranges between 0:08 and 0:2. A closer look at the
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Figure 6.4: A power-density map for pillar-structured organic donor/acceptor solar cells. The
design constraint described by Eq. 6.19 shifts the optimal point from point A to point B on the
map. The model parameters employed for the simulations are listed in Table 5.
governing equations, Eqs. 6.1-6.3, and the morphology-property relations, Eq. 6.14, may help
us to better understand the existence of the optimum region: While larger av and smaller 
should lead to enhanced free charge carrier generation rate, such enhancement is diminished by
the increased bimolecular recombination rate and the reduced eective electron mobility outside
of the optimum region. Conversely, the power output would be limited by the generation instead
of the extraction of free charge carriers for smaller av and larger .
Based on the optimal values of av and , one can design dierent cross-sectional patterns
for the D/A pillars. For example, if one chooses to fabricate square-shaped interpenetrating





= 14:3 nm, wsqaure =
4
av
= 2:3 nm, (6.18)
We note that such a small acceptor feature size may be impractical to fabricate. In order to
obtain optimized values of av and  that are still practical to produce, we can impose nonlinear
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)  10 nm; (6.19)
i.e., we restrict the minimal feature size to be 10 nm for both the donor- and acceptor-pillars.
The optimal values of av and  under the above fabrication constraint are 1:2 108 m 1 and
0:3 respectively, which correspond to a wsqaure of 10 nm and a Pmax of 37:9 W/m
2. As we
can see on the power-density map, the fabrication constraint forces the optimum point to move
from point A to point B in Figure 6.4. Similarly, if one chooses to produce interpenetrating ns




= 5 nm, (6.20)
based on the same constrained values of av and  derived for the square-columns. Note that
for the same av and , the feature size of n-shaped columns is only half of that of the
square-shaped columns, since it only contains half as many interfaces as the corresponding
square-pillars per unit volume. To verify that interpenetrating ns with wfin = 5 nm and
interpenetrating square-pillars with wsqaure = 10 nm indeed produce the same Pmax, we compare
their current-voltage characteristics simulated based on their corresponding two-phase device
models in Figure 6.5. The good overall agreement further conrms that dierent pillar structures
with the same av and  exhibit essentially the same current-voltage curves as that predicted
by the spatially-smoothed device model. Hence, in order for a n-type pillar structure, which
have the simplest cross-sectional pattern, to achieve the same performance as a square-shaped
pillar structure, it needs to possess a feature size half as small. The power-density map such as
the one demonstrated here can aid in designing the size and shape of the pillar-type structures
that best suits one's choice of fabrication techniques.
The present work has been focused on optimizing the cross-sectional pattern of the pillar
structures. Our method can be extended by incorporating optical simulations, thus allowing the
length of the pillars to be optimized as well.
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Figure 6.5: The current-voltage characteristics of an interpenetrating n structure () and that
of an interpenetrating square-pillar structure (*) obtained from 3D two-phase device models
with av = 1:2  108 m 1 and  = 0:3. The line represents the simulation results from the
corresponding spatially-smoothed device model.
6.5 Summary
We have established a spatially-smoothed modeling framework that allows for design of ecient
pillar-structured donor/acceptor organic solar cells. Our model reveals that the photovoltaic
behavior of vertical, pillar-type structures is mainly insensitive to its cross-sectional pattern,
but is rather determined by the specic donor/acceptor interfacial area, av, and the volume
fractions of donor and acceptor materials, ;. By optimizing these morphological parameters,
we have identied the existence of optimum ranges for av and ;. In addition, we have
demonstrated a power-density map which helps to design the cross-sectional shape and feature
size of these pillar-type structures within given fabrication constraints. Such power maps can
easily be adjusted to accommodate larger or smaller domain sizes, as well as dierent donor and
acceptor material properties.
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Table 5: Parameters for modeling pillar-structured cells
Physical parameters Values







e 4:0 10 7 m2 V 1 s 1
h 2:0 10 7 m2 V 1 s 1





av for 4 pillar structures 1:6 108; 7:9 107; 1:2 108; 1:6 108 m 1
 for 4 pillar structures 0:64; 0:44; 0:4; 0:36
L 100 nm
Chapter 7
Relating the open-circuit voltage
with morphological characteristics of
organic BHJ solar cells
7.1 Introduction
In this chapter, we employ the previously established spatially-smoothed device model to in-
vestigate the inuence of morphology on a key factor of the organic solar cell performance {
the open-circuit voltage (Voc). The open-circuit voltage corresponds to the applied potential
between the contacts at which the solar cell produces zero net current. The Voc of organic
solar cells originates from the splitting of the quasi-fermi levels for electrons and holes [181],
which is smaller than the eective bandgap formed by the dierence between the acceptor's
lowest unoccupied molecular level (LUMO) and the donor's highest occupied molecular level
(HOMO) [182]. At a given irradiation, the reduction of Voc relative to the eective bandgap is
attributed to two major factors [183,184,185,186,187]: the charge carrier recombinations, as well
as the energetic disorder that eectively reduces the bandgap. The eect of the former has been
described by Koster et al. [118] with an analytical expression derived from the eective-medium
device model. Recent studies have been focusing on the latter eect, which has been investigated
with Gaussian disorder models; such models do not correlate the energetic disorder directly with
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morphological details [184, 185, 188, 189]. Direct correlations between the morphology and the
Voc was recently studied by Ray et al. [190], who derived an analytical expression of Voc for BHJ
solar cells by incorporating a 'geometric amplication factor' into the Voc expression for planar
junction (PJ) solar cells. The expression indicates that the Voc of an organic BHJ solar cell is
always smaller than that of a PJ solar cell since the Voc decreases with increasing D/A interfa-
cial area. Their derivation, however, is not based on the governing formulations of two-phase
or eective-medium device models, but is rather relying on a number of intuitive postulations {
such as the postulation that the D/A interfacial area is the only inuential morphological factor
on Voc. Consequently, their analytical expression does not contain the same set of physical pa-
rameters as their two-phase device model, even though the latter was used to verify their results.
Here, we present a more rigorous derivation of an explicit analytical expression of the Voc based
on the spatially-smoothed model formulations. Our method is mathematically consistent with
established device models, and can therefore be veried by two-phase numerical simulations with
randomly generated D/A morphologies. We nd that the Voc of organic BHJ solar cells is at
leading order only determined by a single morphological characteristic of the D/A blend: the
ratio between the donor volume fraction and the interfacial area per unit volume.
7.2 Derivation



















) = PGe=h   avh(1  P )keffr nenh: (7.2)
Here, ne, nh, and  are the volume-averaged electron concentration, hole concentration, and
electric potential, respectively; av is the specic D/A interfacial area that represents the area
of D/A interfaces per unit volume, h is the interfacial length scale within which bimolecular
recombination occurs, P is the dissociation probability of the interfacial charge-transfer state,




e=h are the eective
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Figure 7.1: Energy diagram of an organic BHJ solar cell with ideal Ohmic contacts at open-
circuit. The quasi-Fermi levels for electrons (EFn) and holes (EFp) align with the work functions
of the negative and positive contacts.
diusion coecient and the eective mobility of electrons/holes. The volumetric generation rate














where  is the volume fraction of the donor phase, I0 and I1 are the zeroth- and the rst-order
modied Bessel functions of the rst kind. This expression assumes that excitons generated
through light absorption in the acceptor are negligible compared to those created in the donor.
To keep the following discussions focused on the morphological eects rather than the in-
uence of contacts, we assume the work functions (WFs) of the negative (x = 0 in Figure 7.1)
and positive (x = L in Figure 7.1) contacts are lined up with the LUMO and HOMO levels,
i.e. the contacts are Ohmic in nature. The energy diagram of the solar cell at open-circuit is
shown in Figure 7.1. As there is no net ow of charge carriers at open-circuit, the quasi-Fermi
levels for electrons and holes are approximately at and are aligned with the WFs of the con-
tacts [113] (N.B.: The assumption of at quasi-Fermi levels neglects the entropy production due
to movement of charge carriers in the solar cell).
The open-circuit voltage, Voc, is equal to the applied potential, Va, at open-circuit. Without
loss of generality, we set the electric potential,  , at the negative contact to zero, so that the
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boundary conditions at the negative contact are:






The corresponding boundary conditions at the positive contact at open-circuit can be written
as:









; nh(L) = Ncv; (7.5)
where e is the elementary charge, Ncv is the eective density of states at both positive and
negative contacts, kB is the Boltzmann constant, T is the temperature, and E
eff
g is the eective
band gap (see Figure 7.1) that equals to the built-in potential for the ideal Ohmic contacts
considered here.
At the Voc, both the net generation and the net ow of charge carriers are zero. Therefore















Pjavgex   h(1  P )keffr nenh = 0: (7.6c)
















=   [    (x = L)] : (7.8)
Applying the boundary conditions 7.5 leads to
nh = Ncv exp
"




Recent theoretical studies suggest the relation between diusion coecients and mobilities of
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charge carriers in organic semiconductors is governed by the Generalized Einstein Relation [142].
In order to secure closed-form expressions, however, we invoke the Boltzmann approximation so







This allows Eq. 7.9 to be written as
nh = Ncv exp
"




Similarly, the electron concentration can be found as






Finally, an expression of Voc is obtained by substituting Eqs. 7.11-7.12 into Eq. 7.6c:
PGe=h = Pavj
avg
















h(1  P )keffr N2cv
#
: (7.14)
The relation, Eq. 7.14, is analogous to the Voc expression derived by Koster et al. [118]
for BHJ solar cells as well as the one given by Giebink et al. [191] for PJ cells, except that
Eq. 7.14 captures the additional inuence of the D/A morphology. Both their derivations of
Voc follow the conventional approach based on the Boltzmann charge carrier statistics and the
fact that eVoc equals to the dierence between quasi-Fermi levels. Our development of Eq. 7.14
represents an alternative derivation method which is based on solutions of the spatially-smoothed
device model (Eqs. 4.10c-4.10d) when charge carrier generation and recombinations are exactly
balanced. The balancing between the drift and diusion components of driving force allows
us to express the charge carrier concentrations as analytical functions of the electric potential
(Eqs. 7.11-7.12) which replace the expressions for charge carrier concentrations governed by
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Figure 7.2: Schematics of cells with (a) an ordered D/A morphology, and (b) a disordered
morphology. We employ both types of morphologies (with L =W = 100 nm) for the verication
of Eq. 7.14.
the Boltzmann statistics. The two methods are physically consistent. We note that Eq. 7.14
describes an 'ideal' Voc as the thermodynamic losses owing to entropy creation during the charge
carrier transport are neglected.
7.3 Discussion
It is interesting to note that the linear dependencies of charge carrier generation and recombina-
tions on av cancel out in Eq. 7.13. As a result, our expression of Voc for BHJ solar cells becomes
almost the same as Giebink's expression for PJ devices [191], with the only distinction being
that the average exciton ux magnitude, javgex , in Eq. 7.14 of our model is a function of the D/A
morphology instead of a constant. We therefore deduce that the dierence in Voc between BHJ
and PJ solar cells is essentially attributed to the inuence of D/A morphology on the exciton
transport. Furthermore, since javgex is only a function of =av, i.e. the donor's volume fraction
over the specic interfacial area, other morphological characteristics, such as the connectivity
and the orientation of percolation pathways, should not have major inuence on the open-circuit
voltage. Consequently, the Voc produced by an ordered D/A blend (Figure 7.2a) should be the
same as that produced by a disordered one (Figure 7.2b) with the same value of =av.
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Our analytical expressions 7.3 and 7.14 indicate a reduction in Voc with increasing interfacial
area, which is consistent with the prediction by Ray et al. [190]. Our results also reveal the ad-
ditional trend that Voc increases with the donor volume fraction. We note that Eq. 7.14 is based
on the physical parameters that are inherent in the detailed two-phase device model, whereas
Ray's Voc expression is based on equivalent circuit models for solar cells that are dependant on
a dierent set of parameters, such as the diode ideality factor and the photocurrent.
Table 6. Parameters for the verication of Eq. 7.14
Parameters Values




keffr 1:5 10 15 m3s 1
L;W 100 nm
Lex 8 nm
e 2:0 10 7 m2 V 1 s 1
h 1:0 10 7 m2 V 1 s 1




To verify our analytical relation, we compare the predicted Voc based on Eq. 7.14 with
simulations with the detailed two-phase device model for a range of ordered and disordered
2D morphologies. These disordered 2D morphologies were generated through the phase-eld
method introduced in Chapter 2, which describes the spontaneous separation of two materials
and produces random, bicontinuous phase-separation patterns like the one shown in Figure
7.2b. The mathematical formulation and implementation of the two-phase model can be found
in Chapter 2. Relevant physical and material parameters are summarized in Table 6. Among
these parameters, the generation rate of excitons in donor, Gex, is taken to be a constant. The
magnitude of Gex is approximated from the absorption of a 100 nm thick poly(3-hexylthiophene-
2,5-diyl) (P3HT) lm under 1000W/m2 light intensity and AM 1.5 solar spectrum. In additon,
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Figure 7.3: The open-circuit voltages obtained analytically from Eq. 7.14 (line) and numeri-
cally from two-phase device models with ordered (*) and disordered () morphologies. Model
parameters employed for the calculations are summarized in Table 6.





As demonstrated in Figure 7.3, the good overall agreement between the analytical (Eq. 7.14)
and the numerical results over a wide range of morphological patterns supports the validity of
Eq. 7.14. The comparison conrms that Voc is mainly determined by the magnitude of =av,
and is largely unaected by the exact patterns of phase-segregation. It is also apparent from
Figure 7.3 that the open-circuit voltage is only weakly dependent on the morphology, as an
eight-fold increase in =av only leads to around 8% enhancement in Voc. This observation is
also in agreement with Ray's conclusion that morphology engineering is not the most eective
route to improving the open-circuit voltage of organic solar cells [190].
Finally, we note that Eq. 7.14 and two-phase device models typically resolve morphological
features on the order of the phase-separation length scale ( 10 nm). Morphological disorders are
also present on the molecular and atomistics scales due to factors like variations in conjugation
length, rotations and kinking of polymer chains, impurities, etc. [192]. These factors could alter
material properties such as Eeffg and k
eff
r and thus may inuence Voc.
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7.4 Summary
In summary, we have derived a closed-form expression of Voc for organic BHJ solar cells by
solving the spatially-smoothed device model at open-circuit. The expression has been veried
with a detailed two-phase device model with random D/A morphologies. Our expression reveals
that the main inuence of morphology on the Voc can be attributed to a single morphological
parameter: the ratio between the donor volume fraction and the specic interfacial area, =av.
The open-circuit voltage of organic solar cells rises with increasing  and reduces with increasing
av. Our results also imply that achieving ordered D/A morphologies does not lead to signicant




8.1 Summary and conclusions
This thesis dealt with mathematical modeling and analysis of organic BHJ solar cells with a
view to capturing the donor/acceptor morphology within a computationally ecient modeling
framework. This is achieved through the development of the spatially-smoothed device model
that bridges the micro- and macro-scale descriptions of charge carrier generation, transport
and recombination in organic solar cells. The spatially-smoothed model extends conventional
eective-medium models by additionally considering the essential features of exciton transport,
as well as more information pertaining to the underlying morphology in the form of eective
transport properties, volume fractions, and the specic interfacial area. In establishing this
new modeling framework, we have contributed to the quantitative understanding of structure-
property relationships in organic solar cells, particularly in terms of closed-form mathematical
relations. We have additionally contributed to the understanding of device physics and mor-
phology of the recently reported pseudo-bilayer organic solar cells.
The existing device models for organic solar cells are based either on a two-phase or an
eective-medium approach. The former captures the D/A morphology in the form of well-
dened donor- and acceptor-regions whereas the latter generally considers the D/A blend as one
homogeneous layer without resolving its internal structures. By formulating the charge carrier
uxes at the D/A interface, we were able to generalize the two types of model formulations in
the form of a 1D, pseudo-bilayer device model which describes an organic solar cell with partially
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intermixed active layer. In the limit of complete intermixing between the donor and acceptor
layers, the pseudo-bilayer model reduces into the conventional eective-medium BHJ model.
In the other limit, where there is no intermixing between the layers, the model reduces to a
two-phase device model with a bilayer D/A structure. The validity of the pseudo-bilayer device
model was established through calibrating and validating against experimental current-voltage
characteristics. The model was further utilized to investigate the active layer morphology of
the recently identied pseudo-bilayer organic solar cells. For an unmixed bilayer cell, we found
that the diusion ux of excitons towards the positive contact contributes to a signicant loss
of charge carriers. This loss mechanism prevents a bilayer cell to produce the large short-circuit
currents observed from experiments, even if the exciton decay could be neglected. We there-
fore concluded that pseudo-bilayer solar cells contain intermixed regions of donor and acceptor
materials.
In this thesis, we employed a two-level approach in studying the intrinsic relations between
physics and morphology in organic BHJ solar cells. On a microscopic level, we introduced
the 3D two-phase model which numerically resolves the morphological details of representa-
tive D/A blends. As we have seen in Chapter 2, this approach requires not only signicant
computational resources but also detailed resolution of the underlying morphology which is not
readily available. In order to encapsulate the D/A morphology on a macroscopic level, we de-
rived the spatially-smoothed device model by transforming the point-wise equations of the 3D
two-phase model into volume-averaged counterparts whilst capturing morphological features in
eective material parameters. Two important morphological characteristics appeared naturally
during the spatial-smoothing process: the specic interfacial area, av, and the volume frac-
tion of donor/acceptor, (). As we have seen through Chapter 4-7 of the thesis, these two
morphological parameters closely aect the charge carrier generation, transport and recombi-
nation processes in organic BHJ solar cells. The spatially-smoothed model not only features
the simplicity of the conventional eective-medium formulation, but also reveals the eects of
inherent morphological characteristics on photovoltaic properties of the solar cell in the form
of mathematical relations. Therefore, the macroscopic spatially-smoothed model was employed
as the main tool for investigating structure-property relations in organic BHJ solar cells, with
microscopic two-phase model retained as a means to verify the analytical relations derived in
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Chapter 5-7 of the thesis.
In order for the spatially-smoothed model to capture the eects of exciton transport and
morphology on the eective charge carrier generation rate, we derived an analytical model for
exciton transport in disordered D/A morphologies. Based on the scaling arguments presented
in Chapter 5, we demonstrated that the exciton transport is in leading order governed by the
average donor length scale, wavg . We further illustrated through an eective-cylinder approxi-
mation that wavg can be represented in terms of  and av - the two morphological parameters
identied from spatial-smoothing procedures. This analysis allows us to simplify the conven-
tional 3D exciton transport models to secure an analytical expression that relates Ge=h; the
generation rate of interfacial e/h pairs, explicitly with the specic interfacial area and the donor
volume fraction of a D/A blend. The delity of this analytical relation was conrmed by 3D
two-phase simulations based on randomly generated D/A morphologies. The expression of Ge=h
extends the spatially-smoothed model to encompass the essential features of exciton transport
and morphology on the performance of organic BHJ solar cells.
With the spatially-smoothed device model established, we illustrated the advantage of this
new modelling framework through two applications. We rst applied the model to study the
structure-property relations in the recently demonstrated pillar-structured D/A organic solar
cells. The morphology in the form of vertical, interpenetrating donor- and acceptor-pillars are
widely believed to be the ideal structure for a D/A blend. We illustrated that for such a mor-
phology, the eective electron (hole) mobility and diusion coecient are directly proportional
to the acceptor (donor) volume fraction, and the eective bimolecular recombination rate is
proportional to the specic interfacial area. The cross-sectional pattern of the pillar structures,
on the other hand, has no major inuence on the cell performance. These explicit structure-
property relations provide fundamental guidelines for designing ecient pillar-structured D/A
solar cells. By incorporating these relations in the spatially-smoothed device model, we estab-
lished a fast optimization procedure and a power-density map that can aid in designing the
optimal pillar structures.
As a second application, we solved the spatially-smoothed model analytically at open-circuit
to derive a closed-form expression for the Voc as a function of the D/A morphology. We found
that the inuence of morphology on the Voc was attributed to a single morphological parameter:
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the ratio between the donor volume fraction and the specic interfacial area, =av. This nding
implies that the Voc of organic solar cells should be larger for a planar-heterojunction morphology
as compared to a BHJ morphology, and that achieving ordered D/A morphologies does not lead
to signicant improvements of the Voc. This analytical expression for the Voc was also veried
with two-phase simulations with a range of ordered and disordered D/A morphologies.
A recurring theme through Chapter 4-7 of this thesis is the role of the specic interfacial
area and the D/A volume fractions in determining the eective charge carrier generation, trans-
port and recombination properties of organic BHJ solar cells. In Chapter 4 for example, the
spatially-smoothed charge carrier continuity equations indicate the existence of a pre-factor to
the Langevin recombination constant which is proportional to av. This pre-factor explains the
reduced bimolecular recombination rate widely observed in organic BHJ solar cells: the bimolec-
ular recombination rate is reduced with respect to the Langevin rate because it is conned only
within the portion of the blend volume adjacent to D/A interfaces. In Chapter 5, we found that
the interfacial charge carrier generation rate can be expressed as an explicit function of  and
av. This function further entered into the closed-form expression for Voc derived in Chapter 7,
which indicates that the ratio between  and av is the only morphological feature that aects
the open-circuit voltage of organic BHJ solar cells. Furthermore, the `ideal' charge carrier trans-
port and recombination properties for pillar-structured D/A solar cells were also shown to be
only dependant on av and () in Chapter 6.
There are two main limitations to the models and methodologies introduced in this thesis.
The rst limitation arises from the diculties in experimental validation. The structure-property
relations derived in this thesis are veried against detailed two-phase simulations but are not val-
idated experimentally. The diculties in experimental validation lays in the inherent diculties
to control and characterize the donor/acceptor morphology experimentally. It is still possible,
however, to validate some the physical models with pillar-structured donor/acceptor cells whose
morphology is tunable to some degree. This shall be elaborated further in the next section. The
second limitation is that the underlying assumptions of the continuum-level models fail to cap-
ture some ne details of the donor/acceptor blend. Real-world bulk-heterojunction morphologies
contain impurities, diused interfaces, and small donor and acceptor regions onto which macro-
scopic quantities such as carrier mobility are no-longer well-dened. To this end, it may be
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worth exploring with microscopic modelling the limit to which the continuum drift-diusion
approach holds. In addition, some recent experimental characterization suggests the existence
of an intermixed phase in the photoactive layer, in addition to relatively well-dened donor and
acceptor phases. This suggests the two-phase models that has been commonly adopted may
need to be modied into a more complicated three-phase model. Such a three-phase model,
however, is likely to be dicult to parameterize due to the lack of knowledge regarding the
physical properties of the intermixed phase.
8.2 Recommendations for future work
Several extensions of the present modeling work are possible, which would enhance the predic-
tive qualities of the spatially-smoothed model and enable further applications of the model in
elucidating the intricate relations between physics, morphology and photovoltaic performance
of organic solar cells.
One obvious extension to the present work is to establish explicit functional forms of the
eective charge carrier mobility, diusion coecient, and bimolecular recombination constant
in the spatially-smoothed model. In deriving the spatially-smoothed device model, we have
identied that these eective properties generally depend on morphological details at the small
length scale, O(l; l). We have not, however, correlated these eective properties explicitly with
the underlying morphology except for the pillar-type morphologies in which they were found to
be simple functions of the specic interfacial area and the D/A volume fractions. In order to
establish explicit functional forms of the transport and recombination properties for general,
disordered morphologies, one may continue our analysis by considering the closure problem. Es-
sentially, the closure problems seeks closed-form expressions for the spatial deviation quantities,
which were lumped into the eective material properties, in some representative regions of the
underlying morphology with periodic boundary conditions [165]. Alternatively, one may derive
functional forms of the eective material parameters through a reverse engineering approach
based on calibration against 3D, two-phase models. For example, one can implement and solve
a series of 3D two-phase models with dierent specic interfacial area and D/A volume fractions,
and subsequently take the simulation results to calibrate the eective charge carrier mobility
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of the corresponding spatially-smoothed models. One can then propose phenomenological func-
tions to capture the observed relation between the calibrated charge carrier mobility and the
two-phase models' specic interfacial area and D/A volume fractions. Empirical functions like
this have been widely applied in describing eective properties in transport phenomena, such
as the empirical Bruggeman exponent in describing the eective diusivity of mass transport
in porous medium [193]. With the empirical functions for the eective transport and recombi-
nation properties established and veried, the spatially-smoothed model will be able to capture
structure-performance relations explicitly for general, disordered D/A morphologies.
Another natural extension of the 3D two-phase model and the spatially-smoothed model is
for them to incorporate detailed morphological information derived from molecular-level sim-
ulations. The phase-eld modeling described in this thesis is a phenomenological method to
generate random morphologies of binary mixtures, but these morphologies may not be very
accurate representations of real D/A blends. A more rigorous approach to derive the D/A mor-
phology is through molecular dynamics (MD) simulations. Atomistic forceelds of P3HT and
PCBM have been derived by several authors through ab initio calculations [194, 195, 196, 197].
Direct utilization of these atomistic forceelds in MD simulations, however, are only limited
to simulating morphology evolution on the order of O(1 nm) due to the high computational
cost of such simulations [197]. In order to simulate the blend morphology over a larger length
scale, the atomistics forces elds are usually simplied rst through coarse-graining before being
utilized for MD calculations [104,105,106]. Coarse-grained MD simulations are able to produce
D/A morphologies on the order of O(10 nm), which is close to the active layer thickness. One
can therefore incorporate the morphology produced by coarse-grained MD simulations into 3D
two-phase models through a procedure similar to the incorporation of phase-eld morphologies
described in Chapter 2. This procedure also bridges the atomistic and molecular level morphol-
ogy simulations with the continuum level device modeling, leading to a hierarchical multiscale
modelling framework as shown in Figure 8.1.
While our analytical expressions for the exciton `transport eciency' (ex in Chapter 5), the
eective transport and recombination properties for the pillar-type morphology (Chapter 6), and
the open-circuit voltage (Chapter 7) have been veried against numerical simulations, it is still
also highly desirable to validate these relations experimentally. The diculty of such validations
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Figure 8.1: A hierarchical multiscale modelling framework for organic solar cells.
lies in the fact that the morphology of the D/A blend, including the specic interfacial area and
the D/A volume fractions, is hard to control and quantify experimentally for typical organic BHJ
solar cells. We note, however, that our analytical structure-property relations apply to the pillar-
structured D/A organic cells as well, whose morphology can be controlled and characterized to
a reasonable degree [176,177,95,96]. Therefore, one can fabricate a series of pillar-structure cells
with various specic interfacial area and blending ratio, and subsequently utilize their measured
exciton quenching eciencies, open-circuit voltages, etc., for the validation of our structure-
property relations derived in Chapter 5-7 of the thesis. It is also possible to validate our physical
models for general BHJ morphologies. This would require morphological information obtained
from high-delity microscopic techniques (such electron tomography), which can be used to
construct 3D morphologies to feed directly the physical models. While time-consuming, this
could be the most accurate approach so far for calibrating & validating the physical models for
disordered morphologies.
The spatially-smoothed model can also be utilized to statistically assess the sensitivity of cell
performance to the variability of their physical and morphological parameters. The inevitable
batch-to-batch variations of the D/A morphology during solution processing could lead to poor
reproducibility of the performance of organic solar cells [198]. Exploiting the fact that spatially-
smoothed model only takes seconds to solve, one can simulate the batch-to-batch performance
variations by solving these models over thousands of iterations with simultaneous, random per-
turbations of its physical and morphological parameters. This Monte Carlo-based parametric
study provides physical insights into the key morphological and physical factors that inuence
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the reproducibility of organic BHJ solar cells.
Finally, the spatially-smoothing procedure demonstrated in Chapter 4 can be adopted in
studying charge carrier transport in other semiconductor devices entailing complex morpholo-
gies. In particular, it should be straight-forward to apply spatially-smoothing to model the
electron diusion in the porous metal-oxide electrode of dye-sensitized solar cells. Such a model
could potentially capture the eects of porosity and specic surface area on the photovoltaic
performance of dye-sensitized solar cells in the form of closed-form mathematical relations.
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